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Thlg  report  ooncemat  Results  of  additional  experiraenta  undertaken 
to  obtain  lnforaia tidn  conceding  the  influence  of  ionising  radiations  en  the 
devalooffiont  of  tha  phosphorothioafce-oxidlBing  enzyme  in  th®  livers  of  younR 
raal®  ratso  The  influence  of  l£)0  r  and  200  r  of  given  at  Bsven  und 

fourteen^daj  intanrala,  on  the  ajmthesis  of  this  ensyse  aysbera  was  luresti'- 
gatedo  Observationa  were  also  mads  on  th®  influence  of  exogenous  adrenal 
cortical  ecctract  on  the  development  of  th<9  drug  metabolising  ensyiaos  and 
farther  studies  were  performed  to  ascertain  the  ability  of  2-'»iorcaptoetlxyl‘= 
amine  (IffiA)  to  prevent  tha  Inhibitory  effect  of  radiation  on  the  eynthssis 
af  this  enayme  syatemo 

Immediate  or  ultimate  application  of  the  resultat  The  present  in- 
vestigation  constitutee  a  continuation  of^studies  on  the  effects  of  ionizing 
radiations  on  the  development  of  microsonal  enzymes  in  tha  liver  i>diioh  aro 
responsible  for  the  oxidative  desulfuration  of  phoaphorothloatee  and  which 
catalyze  the  natabolism  of  other  drugs  and  toxic  cempoundsa  Daring  the  cours® 
of  thia  study  we  hava  attempted  to  obtain  infonaation  concerning  the  influence 
of  radiation  on  tha  mschanlsms  responeibis  for  the  nonaal  development  of  these 
raicrosojaal  enzymes  in  young  male  rats..  Results  of  previous  studies  have  shown 
that  eing3.0  doses  of  IDO  r  or  200  r  of  x-irradiation  cause  ssibstantiaX  inhi¬ 
bition  in  the  rate  of  development  of  the  enzymes  in  young  rats  for  approxi- 
raataly  four  weeks  following  exposurso  The  enzyme  activity  develops  rapidly 
affcar  this  period  and  reaches  normal  adult  levels  at  six  weeks  after  100  r  ©r 
200  r  of  x-rajo  Data  has  been  obtained  indicating  that  the  inhibition  ef  th® 
development  of  tha  ©nzyro®  activity  may  be  duo  to  damage  to  syataas  other  than 
Ijboee  found  in  the  liver  or  to  the  ability  of  shielded  tissues  to  supply  eosae 
substance  essential  for  development  of  mlcrosome  enzymes  in  the  livers  It 
was  also  found  that  the  inhibition  caused  by  200  r  or  hOO  r  of  x-ray  ean  bo 
aigniflcantly  reduced  1:^  the  adBjinistration  of  MEA  prisr  to  x-ray  sxpogurso 
Tho  present  investigations,  whloh  are  a  continuation  of  these  studies,  show 
that  tha  administration  of  a  second  dose  of  100  r  or  200  r  of  x-ray  sovsn 
days  after  the  initial  oxjjosura  prolongs  the  inhibitory  effect  of  radiation 
on  the  development  of  the  microaome  ensymeso  However,  giving  a  second  radi¬ 
ation  exposure  fourteen  days  after  the  first  exposure  does  not  substantially 
influence  th©  amount  of  delay  in  enzyme  synthesis «  Evidence  is  presented  that 
edninistrstion  of  MEA  before  $00  r  of  x-lrz*adiation  does  not  pi'event  th©  in¬ 
hibitory  effect  on  th®  development  of  enzyme  activity^  It  is  anticipated 
that  the  information  obtained  in  thee©  experimentB  will  provide  information 
that  will  be  useful  in  ascertaining  tho  mechanisms  involved  in  the  injurious 
action  of  ionizing  radiations  on  Biammalian  tissuaso 
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Recent  Btudies  in  this  laboratory  indicated  that  Bublsthal  doses  «f 
S“irradiatlon  have  a  marked  inhibitory  influence  on  the  development  of  micro- 
Boraa  ensymes  that  are  nacossai'y  for  the  laebabolisra  of  varlouB  drugs  end  toxic 
agents  (1)  in  the  livers  of  young  male  rats.^  A  systematic  study  was  under** 
taken  to  obtain  information  concerning  bh®  radiabion-lndaced  defect  in  the 
synthesis  of  microsomfl  enssymcBo  One  phase  of  tfiis  study  conalstod  of  measure- 
ments  of  the  Influence  of  x-ray  on  tike  developnont  of  a  microsome  oxidase  which 
catalyzes  the  deaulfuratlon  of  th®  phoephorothioate,  ciL@ethyl-2-(U-oxo»l,2j,3- 
benaetrlazinyl-3'®ethyl)  phosphorodibhioata  (gubhion,  DBD),  to  its  oxygen  ana- 

lOgUfio 


Results  of  these  studies  have  indicated  that  doees  of  x-ray  as  low  as 
100  r  (2j3)  CQUB©  substantial  reductien  in  th©  rate  of  devolopmeat  of  the 
onzyiae  system,  tliat  tha  inhibition  lo  reversible,  and  that  ths  eeizyma  activity 
reaohae  normal  adult  lavals  at  five  to  six  weeks  after  100  r  or  200  r  of 
x-lrradiafclon  (U):v  Experiments  undertaken  to  gain  information  on  th®  gross 
site  of  radiation-induced  inhibition  showed  that  shialding  of  tha  testes  or 
of  the  liver  area  did  not  prevent  the  inhibitory  effect  of  200  r  or  liDO  r  of 
x-ray  on  the  activity  of  this  ©nEyms  (3)  Recently  it  was  found  tliat  tha  ad¬ 
ministration  of  600  r  of  x-ray  to  the  liver  area  while  shielding  tha  remainder 
of  tha  body  reduced  the  rata  of  davelopment  of  the  en^es  during  the  latter 
part  of  the  observation  period  (3K  I’hs  present  report  describes  results  of 
additional  axperiments  on  tbs  influence  of  .ic-irradlabion  to  th©  liver  area  on 
the  synthoais  of  this  enEsyms  syatsmo 

Measurements  were  made  of  the  ability  of  a  radioprotective  oosipound  bo 
prevent  tha  inhibitory  effect  of  radiation  on  the  davelopnsnt  of  tho  phosphor©- 
thioate-oxidiaing  anzymso  Administration  of  200  mgHio/kgrae  of  MEA  ten  laimtSB 
befora  200  r  ©r  hOO  r  of  x-ray  reduced  tho  degree  ©f  inhibition  of  enayma 
synthesis  caused  by  x-irradiation  (?)o  The  results  of  further  studies  con¬ 
cerning  the  ability  of  HM  to  reduce  ths  radiation-inducod  synthasis  of  the 
liver  oxidase  system  arc  described  in  this  report o  Data  concerning  th®  influ¬ 
ence  of  repeated  exposurss  of  a: -irradiation  and  (kily  injections  of  adrenal 
cortex  extract  on  the  develojsient  of  microsoma  enzym®  activity  are  slso  in¬ 
cluded  in  this  report, 

Maberial.s  and  Hethoda,  Young,  male  Spraguo-Dawley  rats  vrare  used  for 
these  exporiKiHti7^hi‘’«SLinalB  wsr©  housed  in  6i!?-conditioned  quarters  and 
were  given  Rockland  Rat  Diet  and  water  ad  llbifcuBa  Z-irradiabien  was  a<Mnis- 
t®red  aa  a  single  ax]posurs  with  a  Oo  Eal^BBjnarTberapy  unit  employing  th® 
following  radiation  factoroi  2$0  KVP,  15  ma,,  0,25  mao  Gu  and  1  rafflo  A1  added 
filtratloDo  Ths  targat-aninial  diatancs  was  75  cm®  giving  a  dess  rate  of  3li  p 
t©  36  r  psJ^  minuts  as  msaeursd  in  sir  with  a  Victoreen  ionization  ohambero 
Far  experiments  on  tho  effect  of  partial  bec^  shielding  on  th®  developiBent  of 
the  drug  metabolizing  enzyme  aystem,  weanling  rats  (23  days  old)  vrers  anasthe- 
tizsd  with  aqueous  eolutlono  of  sodium  pentobarbital  (25  a^ao/kgJSo  intrapsrito- 
nsslly)  to  facilitate  accurate  placswent  and  mtatenaiics  of  the  lead  elilelde 
during  radiation  exposrurso  Neutral  aqueous  solutions  of  MSA  were  freslily 
prepared  end  injactad  intraperifeoneally  ten  minutes  before  administration  of 
x-irradiation.  Sterile  solutions  of  Adrenal  Cortex  Injection  UoS,Po  were 
given  daily  by  the  intrazouscular  route. 
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P«r  mtym*  asMya  th«  rate  wera  saerifiesd  by  decapitation  and  the 
llvera  were  quickly  ranewed,  weighed  and  homogenlEod  in  cold  distilled  water o 
Outhion  was  converted  to  ita  active  netabolite  by  the  nethod  developed  by 
Hurphgr  and  OoBoia  (6)  in  this  laboratory  and  by  a  modification  of  the  method 
used  by  Conney  et  al<.  (7)  for  other  reactions  catalysed  by  mlcroaome  onsymeaa 
The  details  of  these  modifications  and  the  methods  employed  in  the  oaloolation 
of  the  entyme  activity  have  been  described  in  a  previous  report  from  this 
laboratory  (5). 


Results 

Influence  of  repeated  doses  of  100  r  or  200  r  of  x-irradiation  on  the 
development  o^  the  pboaphorothioate^jdjiBing  enzjyme  astern  in  the  livers  of 
young  rats.  Previous  studies  in  this  laboratory  rave  shown  that  doses  of  radi*" 
ailon  ranging  from  100  r  to  UOO  r  cause  a  substantial  inhibition  of  the  develop¬ 
ment  of  the  enzyme  system  in  the  livers  of  young  male  rats  which  is  responsible 
for  the  oxidative  desulfuration  of  phosphorothioates  The  radiation- 

induced  inhibition  of  the  development  of  this  enzyme  system  is  reversible  and 
the  enayme  activity  roaches  normal  adult  levels  at  four  to  six  woeks  after 
100  r  or  200  r  of  x-ray  (li).  In  order  to  obtain  information  on  the  influence 
of  repeated  expoeuree  of  x-irradlation  on  the  develomont  of  enzyme  activity, 
groups  of  animals  which  had  received  100  r  of  x-ray  at  23  days  of  age  were 
given  another  dose  of  100  r  at  30  days  or  37  days  of  age  and  groups  which  had 

been  exposed  to  200  r  of  radiation  at  23  days  were  given  200  r  at  30  days  or 

37  days  of  age«  The  animale  war©  sacrificed  at  various  intervals  during  the 
following  three  weeks,  a  portion  of  the  liver  was  removed  and  the  activity  of 
the  microsome  enzymes  was  measured^  Ths  results  of  these  measurements  are 
shown  in  Figures  1  and  2  where  each  point  on  the  curves  is  the  average  of 
measurements  on  the  livers  of  at  least  four  animals* 

The  data  in  Figure  1  show  that  the  livers  of  animals  which  were  given 

100  r  of  x-ray  at  23  days  and  100  r  at  37  days  of  age  exhibited  a  rate  of  develop¬ 
ment  of  microsome  enzyme  activity  which  was  similar  to  that  observed  in  the 
liver  of  rats  that  had  been  given  this  dose  of  radiation  at  23  days  of  age, 
however,  the  enzyme  activity  of  the  livers  of  rats  which  were  given  a  second 
exposurt.  of  100  r  at  30  days  of  age  was  subatantially  inhibited  until  the 
animals  reached  60  days  of  age*  The  data  in  Figure  2  illustrate  that  repeated 
exposures  to  200  r  produce  an  effect  similar  to  that  shown  in  Figure  1«  The 
enzyme  activity  of  the  livers  of  rats  which  were  given  a  second  dose  of  200  r 
of  x-ray  at  37  days  of  age  reached  an  adult  level  at  approximately  the  same  rate 
as  the  animals  which  were  given  200  r  of  x-irradlation  at  23  days  of  age*  The 
administration  of  a  second  dose  of  200  r  of.  x-ray  at  30  days  of  age  prolonged 
the  radiation-induced  inhibition  of  the  synthesis  of  the  drug  metabolizing  enzyme 
ays  tarn* 


Influence  of  2-Biercaptoethylaraine  on  the  radiation-induced  inhibition 
of  the  development  ol*  ihe  phosphorothloate-oxldizing  enzyme  systiOT  in  the  Hvers 
of  yoimg  male^ats*  T'he  results  of  studies  presented  in  our  previoua  reiwrt  (^) 
showed  tliat  200  mgm./kgmo  of  KEA  reduced  the  degree  of  inhibition  of  the  develop¬ 
ment  of  the  phosphorothloate-oxldizlng  enzjhae  caused  by  200  r  or  liOO  r  of 
x-lrradiatlon*  It  was  observed  that  hOO  r  of  x-ray  caused  a  delay  in  the  de¬ 
velopment  of  ,the  enzyme  system  in  the  MEA-treated  rats  and  it  appeared  unlikely 
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figure  1.  Tnflnmee  of  repeated  doses  of  100  r  of  x-irmdiatlon  on  the  developwnt  of  tbe 
•rothioate-oxldislng  encyee  systoe  in  the  livers  of  yonng  sale  rats. 


Pi^iire  2o  Infltience  of  repeated  doses  of  200  r  of  x-lrradlatlon  on  the  derelopsMnt  of  the 
plwsphorothloate-oxldlzing  enqme  systen  in  the  lirers  of  young  male  ratse 
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that  tha  radloproteetlTa  aetlvltjr  of  thia  qonpound  voold  ba  auffielant  to 
prarant  tha  lahibltorjr  affaot  of  highar  doaaa  of  z-irradlation*  To  Obtain 
additional  Infonutlon  on  tha  abllitjr  of  HBl  to  radoea  tha  radlatlon-indooad 
Inhibition  of  tha  davalopnant  of  tha  drug  aatabollalng  anagmaa  In  tha  llvar, 
23*da7  old  nala  rata  nara  glTan  Intraparitonaal  injaotlona  of  200  ngn./kgB. 
of  MEA  tan  nlnutaa  bafora  500  r  of  z-lrradlatlon*  Tha  anlnals  vara  aaorificed 
and  a  portion  of  tha  llvar  raaovad  for  anayna  naaauranaota  at  fraquant  inter* 
vala  for  a  period  of  three  vaaka  after  z*lrradlatlon.  Tha  raanlta  of  theaa 
■aaauraaenta  are  praaantad  In  Tlgnra  3  where  eaoh  point  on  tha  ounraa  for  tha 
Irradiated  anlnala  la  tha  average  of  naaauronanta  on  the  livera  of  at  laaat 
four  anlnala  and  eaoh  oolnt  on  tha  control  curve  la  tha  average  for  8  to  10 
anlnala* 


Tho  data  in  Figure  3  ahov  that  200  n^a.Av**  of  KEA  given  tan  alnutea 
before  $00  r  failed  to  prevent  tha  radiatlonolnduoad  Inhibition  of  the  develop* 
aant  of  the  phoaphorothioata-oxidialng  eniyne  ayatan  In  tha  livera  of  young 
■ala  rata*  Tfaua  it  ia  evident  that  KEA  la  not  capable  of  preventing  tte  in* 
hlbltory  effect  on  the  developnent  of  tha  drug  matabollalng  enagnaa  oauaad  by 
doaea  of  x*irradiatian  in  azeeaa  of  UOO  r. 

Influence  of  partial  body  ahleldlng  on  tha  detelopnent  of  the  phoa* 
phoro^eaia«ozldiailng  anayna  ayatan  in  the  liwra  of*  young  a^a  rate*  fhe 
raaulta  of  prevloua  acudiea  have  ahown  tha{l  ahiel'ding  the  ceatea  or  ^  llvar 
area  doea  not  prevent  tha  Inhibitory  effect  of  200  r  of  x-lrradlatlon  on  tha 
davaloonant  of  the  phoaphorothioate-oxldialng  enayna  ayaten  in  tha  liver  of 
young  nala  rata  (2,3).  Theaa  experinente  also  damonatratad  that  whan  tha  llvar 
area  was  exposed  to  200  r  or  hoo  r  of  x*ray  with  tha  raaalndar  of  tha  body 
ahlaldad  ayntheaia  of  tha  drug  aatabolleing  enzyne  eyatan  In  the  llvar  was  not 
Inhibited  (3tli).  Kora  raoent  observationa  have  shown  that  600  r  of  x*ray  to 
tho  liver  area  oauaad  a  aubstantial  Inhibition  in  tha  rata  of  davalojasnt  of 
tha  idioapborothloata-oxldialng  ensymee  in  the  liver  during  the  12  to  21-day 
period  following  600  r  of  x*lrradiatlon.  The  present  study  waa  undertaken  to 
dateralne  tha  Itfluenoe  of  higher  doses  of  x-lrradlatlon  on  tha  devalopBiant  of 
tho  ensyme  activity  in  tho  liver.  For  these  axperinenta  23*day  old  sale  rats 
ware  anesthetlaed  with  25  ■gyi./kpso  of  sodiuai  pentobarbital  and  lead  ahielde 
ware  placed  so  as  to  shield  the  entire  body  except  tha  llvar  area.  This  area 
waa  than  given  600  r  of  x-irradlation.  Tha  aniaala  ware  aaorlfioad  at  various 
intervals  during  tha  following  three  weeks,  a  portion  of  tha  liver  waa  renoved 
and  the  microsome  oxidase  activity  was  Bsasured.  The  results  of  these  neaaure- 
nanta  are  presented  In  Figure  U  where  each  point  on  the  curves  la  the  average 
of  aeasuranenta  on  the  livers  of  at  least  four  aninalso 

Tha  Influonee  of  200  r  of  whole  body  x-irrsdlatlon  and  of  600  r  of 
x-ray  to  the  liver  area  on  the  synthesie  of  the  drug  mataboliaing  enagrna  in 
tha  livers  of  male  rats  has  been  presented  in  previous  reports  and  is  Included 
in  Figure  h  for  purposes  of  ocoiparlson*  Tha  data  illuatrate  that  600  r  of 
x-ray  adninlatared  to  the  liver  area,  Ilka  600  r  to  thia  area,  osusas  a  sub¬ 
stantial  inhibition  in  tha  rata  of  synthesie  of  tha  ansyna  activity  during  the 
12  to  21-day  period  following  x-irradiation. 

Influ^e  of  daily  injections  of  adrenal  cortex  ext^ct  on  t^  radiation- 
induced  Inhlhltlon  of  ^a  developnent  of  phospBoroiKioat^addilalng  anaya 
ayeiaa  in  the  livers  "oT  young  aala  rats.  Baeulis  of  recant  atudias  on  the  lnft.n- 
enca  of  pariiaL  body  shiudi^  have  inchoated  that  shielding  tha  llvar  area  while 


(•q-piQ)  •mCaiQ 


Influence  of  partial  bod{jr  shielding  mi  ths  development  of  the  phosphorothioate' 
eystem  in  the  livers  of  young  male  ratso 


9 


expoalng  th«  ranainder  of  the  bodjr  to  200  r  of  x-vaj  reduced  the  Inhibitoiy 
effect  of  radiation  on  the  develoiatont  of  the  phoephorothloate  oxidising  enayme 
(3)»  that  shielding  the  testae  did  not  affect  the  Inhibitory  action  of  200  r 
(2)  and  that  600  r  and  600  r  of  x-rny  adtainiatered  to  the  liver  area  esoeed  a 
eigniflcant  degree  of  inhibition  in  the  syntheele  of  this  ensyme  systsai.  In 
view  of  these  results  it  seemed  possible  that  radiation  damage  to  the  adrenal 
glands  might  play  a  role  in  the  delay  in  the  developaent  of  the  drug  metabolising 
ensyme.  Thus  studies  were  undertaken  to  obtain  information  concerning  the  in¬ 
fluence  of  adrenal  cortex  extract  on  the  radiation-induced  inhibitory  effect  on 
the  synthesis  of  microsome  oxidases,  for  these  experiments  weanling  rats  were 
given  200  r  of  whole-body  x-irradlation  and  Od  ml. /day  of  adrenal  cortex  ex¬ 
tract  was  adnlnlstered  intramuscularly.  The  animals  were  sacrificed  at  various 
intervals  during  the  following  3-^eek  period  and  the  microsome  oxidase  activity 
of  the  liver  was  measured.  The  results  of ‘these  experiments,  which  are  shown 
in  Figure  3,  indicate  that  daily  injection  of  adren^  cortex  extract  reduced 
the  degree  of  radiation-induced  inhibition  of  the  development  of  the  phos^^ 
phorothioate-oxidizing  enzyme  caused  by  200  r.  These  results  provide  evidence 
which  indicates  that  radiation-induced  injury  to  the  adrenal  glands  nay  be  a 
factor  in  the  delayed  development  of  ensyme  activity  in  the  livers  of  young 
male  rats.  Additional  studies,  designed  to  obtain  more  conclusive  evidence 
concerning  the  role  of  adrenal  cortical  hormones  in  the  synthesis  of  this 
enzyme  system  are  currently  in  progress. 


Discussion 


The  present  investigation  was  undertaken  to  obtain  additional  infor¬ 
mation  concerning  the  influence  of  ionizing  radiations  on  the  development  of 
the  enzymes  in  the  livers  of  young  male  rats  which  are  responsible  for  the 
metabolism  of  various  drugs  and  toxic  agents.  The  present  report  concerns  a 
study  of  the  influence  of  repeated  doses  of  100  r  or  200  r  of  x-irradlstion  at 
7  days  and  Ih  days  after  the  initial  exposure  on  the  synthesis  of  the  phes- 
phorothioate-oxidizing  enzymes,  a  continuation  of  previous  studies  to  determine 
the  effect  of  pertial  body  shielding  or  pretreatment  with  200  m^pi./kgm.  of  MEA 
on  the  Inhibitory  effect  of  x-ray  on  the  microsome  oxidases  as  well  as  the  re¬ 
sults  of  Initial  experiments  designed  to  obtain  information  on  the  Influence 
of  adrenal  cortical  hormones  on  the  development  of  these  enzymes.  The  results 
of  these  etudles  indicated  that  the  administration  of  a  second  dose  of 
x-lrradiatlon  to  30-day  old  rats  at  seven  days  after  the  initial  exposure  in¬ 
creased  the  period  required  for  syntheeis  of  enzyme  activity!  however,  when 
the  second  doze  was  given  Ih  days  after  the  first  exposure  the  microsome  oxi¬ 
dases  developed  at  a  rate  similar  to  animals  irradiated  only  at  23  days  of 
age.  It  was  found  that  the  adninletration  of  600  r  of  x-ray  to  the  liver  area 
did  not  Inhibit  the  initial  development  of  the  enzymes  responsible  for  drug 
metabolism  but  that  the  synthesis  of  the  system  was  substantially  inhibited 
during  the  latter  portion  of  the  observation  period.  It  was  noted  in  this  and 
previous  experiments  (3,U,5)  that  radiation  appe'vred  to  enhance  the  development 
of  the  phosphorothloate-oxldizing  enzymes  in  the  liver  for  apnroximately  10  to 
12  days  foliowing  x-ray.  The  exact  mechanism  responsible  for  this  effect  is 
not  readily  apparent,  however,  it  seons  likely  that  sodium  pentobarbital  used 
to  immobilize  the  animals  during  the  shielding  experimente  may  be  causing  this 
initial  stimulation  in  activity  since  Conney  et  al»  (8)  have  shown  that  rela¬ 
tively  small  doses  of  other  barbiturates  cause  raarted  increases  in  the  activity 
of  various  drugHnatsbolizlng  enzymes  which, are  located  in  the  liver  microsomes. 


Figure  Influence  of  dally  injectlona  of  adrenal  cortex  extract  on  tlie  radiatl) 
.bltlon  of  the  develepnent  of  the  phosphorothioate-oxldislng  enxyne  ayaten  in  the  livei 
t  ratSo 
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Further  atudlee  are  ourrantly  in  pragrasa  to  obtain  Information  eoneamlng 
tha  Influence  of  x-lrradlatlon  on  the  Inoreasea  In  phoaphorothlaata-oxldlBlng 
anayna  activity  oauaad  by  barbituratea  and  other  chemical  compounds. 

Tha  results  of  prallmlnaiy  studies  on  the  Influence  of  adrenal  eortl» 
oal  hormones  on  the  radiation-induced  Inhibition  of  the  development  of  the 
drug  metabolising  ensymea  showed  that  dally  injections  of  0.1  ml.  of  adrenal 
cortex  extract  reduced  the  degree  of  Inlilbltion  caused  by  200  r  of  x-ray. 

These  results  provide  evidence  that  radiation-induced  Inhibition  of  the  de¬ 
velopment  of  nlerosome  ensyne  activity  may  be  partially  due  to  an  Insufficient 
release  of  adrenal  cortical  hormones.  Additional  studies  designed  to  provide 
infonoatlon  on  the  effect  of  exogenous  adrenal  cortical  hormones  on  develop¬ 
ment  of  the  phos{)horothioate-oxldising  enzyme  activity  in  partially  shielded 
and  total  body  irradiated  animals  are  currently  in  progress. 


SuBznary  ; 

lo  Studies  were  undertaken  to  determine  the  influence  of  repeated  exposures 
of  100  r  or  200  r  of  x-lrradiation  on  the  developeient  of  the  phosphoro- 
thleate-oxidizlng  enzyme  syatem  in  the  livers  of  young  male  rate.  It  waa 
found  that  the  enxyrae  activity  of  the  livers  of  rats  which  were  given  100  r 
or  200  r  of  x-ray  at  23  days  of  age  and  a  like  dose  at  37  days  of  age 
reached  the  nonnal  adult  level  at  approximately  the  same  time  aa  the 
livers  of  animals  which  were  Irradiated  at  23  days.  Administration  of 
the  eecond  dbae  of  100  r  or  200  r  of  x-ray  at  30  dajrs  of  age  increased 
the  period  of  radiation-induced  inhibition  of  development  of  enzyme  ac¬ 
tivity, 

2.  The  injection  of  200  ragtt./kj^no  of  MEA  ten  mlnutee  before  500  r  of  x-ray 
failed  to  substantially  reduce  the  radiation-induced  Inhibition  of  the 
synthesis  of  the  drug  metabolizing  enzyme  system  in  tha  livers  of  young 
male  ratso 

3,  The  reeulte  of  experiments  on  the  Influence  of  partial  body  ehleldlng  Indi¬ 
cated  that  the  adnlnietratlon  of  800  r  of  x- irradiation  to  the  liver  area 
of  23-day  old  rate  caused  a  eubstantlal  inhibition  In  the  rate  of  synthesis 
during  the  12  te  21-day  period  following  radiation. 

lio  Measurements  of  the  influence  of  daily  Intramuscular  injections  of  adrenal 
cortex  extract  on  the  radiation-induced  inhibition  of  the  development  of 
the  phosphorothioate-oxldlzing  enzyme  eystem  were  perfomed.  Results  of 
these  measuremente  indicated  that  daily  injections  of  adrenal  cortex  ex¬ 
tract  reduced  the  degree  of  radiation-induced  inhibition  in  the  synthesis 
of  the  drug  metabolizing  enzymes  in  the  livers  of  young  male  rats. 
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THE  EFFECTS  OP  lONIZINO  RADIUTIONS  ON  THE  BIOCHENISTRT 
OF  KAHMkLUN  TISSUES 


Up  Tb>  Influence  of  Tariom  Cheulcal  Conq^ounda  on 
H>dlafeion-in^lao«d  ^nga«  in  ifcqraa  AetlVitlaa 
in  dertain  Rat  ^IsroeB 

Bernard  Eo  Hletbrlnk,  Marjorie  Xeehmlri  and 
Maty  E«  Hayward 


Thie  report  coiyemat  The  results  of  studies  on  the  influanee  of 
ohemical  ooiqwunds  on  the  injurious  effects  of  x-lrradlatlon.  The  present 
st\idy  has  been  ooncemed  with  the  quantitative  neasureaents  of  the  radlo- 
proteotive  aotivlty  of  2-laino°'thlasolidine‘4i-^arboxylle  acid  and  of  the 
influence  of  oral  a^lnistration  of  various  combinations  of  cysteine; 
2-«ninoethylisothlouronliai  (AET)  and  Z-nercaptoethgrlamlne  (MEA)  on  the 
radiatlon-induoed  changes  in  ensyme  activity  of  the  spleens^  thyms  glands 
and  ■Mil  intestines  of  the  rat.  The  results  of  30‘>day  survival  studies  on 
animals  treated  with  2«l*ino-thla8olidlne-li<-oarboxyllc  add  before  and  after 
lethal  doses  of  x^lrradiatlon  are  also  Ineludedo 

laaedlate  or  ultimate  application  of  the  results t  To  obtain  infor- 
natlon  coneeming  the  ability  of  various  chemical  eonpounds  •'^nd  mixtures  of 
these  agents  to  rsduoe  the  damaging  effects  of  radiation  on  the  spleenS; 
thymus  glands  and  Intestines  of  rats<.  Results  of  a  previous  stut^  (1)  on 
the  influence  of  oral  adhnlnlstratlon  of  radioprotective  compounds  Indicated 
that  the  naxiimm  protective  effect  of  MEA  by  this  route  occurred  at  two  hours 
after  actninlstrationo  However,  very  little  Information  is  available  concern¬ 
ing  the  ability  of  radioprotective  agents  to  prevent  radiation  Injury  when  given 
orallyo  Data  of  this  type  would  be  of  oonsiderable  value  in  determining  the 
practical  use  of  chemi^C.  oonqwunda  as  radioprotective  agents.  Recent  studies 
by  Melville  et  al»  (2)  have  shown  that  the  oral  adninlstration  of  mixtures  of 
cysteine  and  AST  provides  significant  protection  against  the  lethal  effects 
of  x-lrradiatlon  in  monkeyso  The  current  etucfy  was  undertaken  to  determine 
the  radioprotective  activity  of  2-iffllno<°thiasolidlne-li~carboxylio  aoid,  a 
oompound  not  previously  tested  for  protective  activity  in  rate,  and  to  obtain 
additional  infonutlon  concerning  the  influence  of  the  oral  sdsinlstration 
of  mixtures  of  certain  sulfur-oontainlng  oompounds  on  the  radlation-lnduoed 
changes  In  the  snsyme  activities  of  the  spleen,  thyrniu  glsxxlB  and  small  ln° 
tsstlns.  It  Is  hoped  that  these  studies  may  lead  to  the  foraolatlon  of  a 
drug  treatment  that  will  provide  optimum  rsdioprotection  when  given  by  the 
oral  routeo 


#***•»*** 

Recent  atudiee  in  this  laboratory  (3)  showed  that  2-imlno>thls8olidine- 
i(-esrboxyllc  sold,  s  minor  mstsbollte  fomed  in  the  dstoxlfloation  of  cyanide, 
protsctsd  mice  against  the  lethal  effects  of  x-lrradiation.  This  agent  is  of 
particular  interest  because  of  Its  structural  similarity  to  AET*  In  our 
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previous  study  (li)  It  vas  found  that  the  intraperitoneal  administration  of 
12$  rngUcAigno  of  this  e(»qx>und  2$  minutes  before  x-ray  provided  substantial 
reduction  in  the  biological  effect  of  UOO  r  in  the  spleen.  In  viev  of  these 
results  additional  studies  vere  undortatcen  to  determine  the  influence  of 
various  doses  of  this  thlaaolidine  derivative  on  the  radiation-induced 
changes  in  the  ensyme  activity  of  certain  tissues  of  the  rat  and  to  ascertain 
the  ability  of  this  compound  to  prevent  mortality  caused  by  ^0  r  of  x-irradi- 
atlon.  The  results  of  these  studies  indicated  that  llfi  n^.A^o  of  the 
thlasolidine  derivative  given  10  minutes  before  liOO  r  reduced  the  degree  of 
change  in  the  ensyme  activity  of  the  spleens  end  small  Intestines  and  per¬ 
mitted  60^  survival  of  rats  exposeti  to  a  lethal  dose  of  850  r. 

Results  of  our  recent  studies  (1,5)  on  the  influence  of  oral  adninis- 
tration  of  various  radioprotective  agents  on  the  radiation-induced  changes  in 
the  adenosine  triphosphataso  activity  of -the  hematopoietic  tissues  and  of  the 
eholineatorase  activity  of  the  small  Intestine  indicated  that  in  general  the 
compounds  were  more  effective  when  administered  Intrapoid-toneally.  Melville 
et  ale  (6)  have  found  that  the  administration  o  f  a  mixture  of  AET  and  cysteine 
provided  a  similar  degree  of  radioprotection  in  raonk^s  whon  given  by  the  oral 
or  intravenous  routeso  Thus  it  was  of  interest  to  study  the  radioprotective 
effects  of  mixtures  of  sane  sulfur-containing  agents  given  ordly  to  ratso 
ResTilts  of  this  study  indicated  tliat  the  mixture  of  1,000  mgB./kgno  of  cysteine 
and  600  mgmo/kgmo  of  AET  provided  substcntial  protection  to  all  the  tissues 
sttidied  when  given  orally  30  minutes  before  1*00  ro 

Materials  and  Methods.  Adult,  female  Sprague^Dawlsy  rats  were  used 
for  these  experiments o  The  animals  wore  housed  in  air-conditioned  quarters 
at  68®  to  75®  Po  and  were  given  Rockland 'Rat  Diet  and  vrater  ad  libitum^ 
I-irradiatlon  was  administered  as  a  single  whole  body  ejqjosure  wi-th  a  Oo  So 
Maxlmar  Therapy  unit  enploying  the  following  radiation  factors:  250  K7P, 

15  n«o,  Oo25  mnio  Cu  and  1  nmio  A1  added  filtratione  The  target-aniinal  distance 
was  75  cm.  giving  a  dose  rate  of  3U  r  to  36  r  per  minuts  as  measured  in  air 
with  a  Victoreen  ionization  chamber.  The  procedure  employed  for  the  synthesis 
of  2-imino-tMazolldlne-li“carboxyiic  acid,  >dilch  was  prepared  in  this  labcra-^ 
tory,  is  presented  in  detail  in  a  previous  report  (3)'>  The  other  compounds 
tested  for  radioprotective  activity  were  injected  as  neutral  aqueous  mixtures. 

In  all  cases  Use  concentrations  were  adjust^'d  to  permit  injections  of  total 
volumes  not  exceeding  1/6  of  the  body  weighto 

The  adenosine  triphosphatase  activity  of  the  spleeiis  and  thymus  glands 
was  measured  according  to  the  method  of  DuBois  and  Potter  (7)  using  0o$%  homoge‘= 
nates  of  spleen  and  1%  homogenates  of  thymus  glands.  Assays  were  performed  in 
duplicate  using  0.1  ml.  and  0„2  ml.  of  each  aqueous  tissue  homogenateo  ]xi- 
organic  phosphorus  was  determined  by  the  method  of  Flske  and  Subbarow  (8)  and 
the  enzyme  activity  was  expressed  as  micrograms  of  phosphorus  liberated  from 
adenosine  triphosphate  by  1  sigm/.  of  tissue  during  a  l5‘®inuto  incubation 
period.  The  acetylcholinesterase  activity  of  the  ar>'iall  Intestine  was  de¬ 
termined  by  the  manomotric  method  of  DuBoic  and  Mangun  (9)o  A  portion  of  the 
small  intestine  was  freed  from  the  mescntGrlo  connective  tissue  and  fat  and 
longitudinally  dissected  to  expel  the  contents.  The  tissue  was  washed  with 
distilled  water,  blotted  with  filter  paper,  minced  and  homogenized  In  Ringer- 
bicarbonate  buffer.  Measurements  were  conducted  in  duplicate  using  50  mgm., 
of  tissua  per  Wartxirg  vessel.  The  vessels  wore  gassed  with  $%  COg  and  95^  N2 
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for  fir*  ninateao  Carbon  dioxide  evolution  was  recorded  at  ^-minute  intervale 
for  a  period  of  30  adnutea  following  a  preliminary  lO-ninnte  equilibration.. 
Aoetylchollneateraae  activity  waa  expreesed  as  mierolitera  of  CO2  evolved  per 
$0  mgmo  of  tiaaue  during  a  10-minute  incubation  period.  The  degree  of  radio- 
protection  provided  by  the  oheBical  eompounda  in  the  tieauee  atudled  waa  ex- 
preaeed  aa  per  cent  reduction  of  the  biologically  affective  radiation  doae.  The 
data  presented  in  this  report  were  ealoulated  using  the  dose  response  curvea 
and  methods  described  in  a  previous  report  (10), 


Results 

The  effects  of  2-imino-thiasclidine-lt-carboxylic  acid  and  2-TOercapto- 
ettylamine  on  ihe  changes  in  enaywe  actl^tles  of  the  spleens,  thyeus  glim^e 
and  intestines  of  rate  three  days  afier  hcSo  r  of  x-lrradiaiion.  Results  of 
experiments  presented  in  our  previous  report  (b)  illustrated  that  2-linino- 
thiaKolidine-b-oarboxylio  acid,  r  metabolite  formed  during  the  detoxification 
of  cyanide,  is  capable  of  reducing  the  degree  of  radiation-incAiced  change  in 
the  adenosine  trlphoaphatase  activity  of  the  spleen.  These  studies  indicated 
that  the  compound  is  relatively  non-toxic  to  rata.  Thus  it  visa  of  interest  to 
obtain  infonaation  oonceming  the  ability  of  higher  doses  of  this  compound  to 
reduce  the  damaging  effects  of  radiation  in  the  hematopoietic  tissues  and  In¬ 
testines  of  rats.  For  these  experiments  groups  each  containing  four  rats  were 
given  liiO  mgBo/kgmo  or  175  mgmo/kgmo  of  the  thiasolidlne  (expressed  as  equiva¬ 
lents  of  HCN)  at  10  minutes  or  2$  minutes  before  UOO  r  of  x-ray.  Three  da^ 
later  the  animals  were  sacrificed  for  adenosine  triphosphatase  assays  on  the 
spleens  and  thymus  glands  and  for  cholinesterase  measurements  on  the  small  in° 
tsstineso  The  results  of  these  experiments  are  presented  In  Table  1. 

The  data  presented  in  Table  1  show  that  lUO  m^ao/kgra,  of  the  thiasoli¬ 
dlne  derivative  given  ten  mlmites  before  liOO  r  of  x-irradiatlon  provided  a  sig¬ 
nificant  reduction  in  the  biological  effect  of  UOO  r  in  the  spleen  and  small 
intestine  but  did  not  benefit  the  thymus  glands.  Administration  of  ll|0  m(pB,/kgpi, 
of  the  thiasolidlne  2$  minutes  before  UOO  r  of  x-ray  caused  a  29%  reduction  in 
the  effect  of  radiation  in  the  spleen  but  did  not  reduce  the  damaging  effect  of 
radiation  in  the  thymus  glands  and  intestine,  Zxwreaslng  the  dose  of  the 
thiasolidlne  to  175  mgm./kgm,  failed  to  protect  the  spleen  to  the  extent  pro^ 
vided  by  the  lower  doses  of  this  compound  (U),  No  gross  toxic  manifestations 
wsre  observed  following  the  injection  of  the  thiasolidlne  derivative.  There¬ 
fore,  it  appeared  to  be  a  suitable  agent  to  be  given  in  combination  with  other 
radioprotective  agents,  MEA  has  besn  shown  to  bs  one  of  the  most  effective 
radioprotective  agents  in  rats  and  it  has  been  found  to  enhance  the  radiopro¬ 
tective  activity  of  other  eulfur-oontaining  compounds.  The  data  presented  in 
Table  1  indicate  that  the  administration  of  UiO  mgm.Agm,  of  the  thiasolidlne 
in  combination  with  200  m0B.Ag<o«  uT  MEA  failed  to  protect  the  tissues  studied 
to  the  extent  of  MEA  given  alone. 

The  effects  of  oral  adwinistration  of  the  combination  of  cysteine  and 
MEA  or  cjsielne  and  ABff  on  the  chafes  In  ensyme  ytivlties  ojf  the  spleens, 
thymus  glands  and  inteatii^  of  rets  three  day  after  hOO  r  of  x-irradistiOT, 
Previous  studies  in  thia  laboratory  on  the  aireet  o^  oral  acbinlstration  of 
radioproteetive  compounds  to  rats  have  generally  indicated  that  most  radiopro¬ 
tective  compounds  ere  mors  effective  when  given  intrsperltoneelly  (5)  •  In  this 
oonneetiop  it  was  found  that  ths  maximum  protective  effect  of  MEA  by  the  oral 
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route  occurred  at  two  hours  after  aikiinistration  (l)c  Results  of  studies  on 
the  Influence  of  oral  adninlstration  of  sodium  diethyldithloearbamate  and  di^- 
nethgrlaraau>nlua  dlnethyldithlocarbanate  indicated  that  these  agents  were  not 
capable  of  reducing  the  radiatlon-indaced  changes  in  adenosine  triphosphatase 
aotirltj  of  the  spleen  when  given  by  this  route  (^}a  This  study  showed  that 
the  oral  adninlstration  of  p-aalnoproplopbenone  (PA'^P)  provided  substantial 
protection  to  the  spleen  and  intestineo  Melville  (11)  has  recently  found  that 
the  combination  of  AST  and  cysteine,  given  orally,  provides  narked  protection 
against  the  lethal  effects  of  x-irradiatlon  In  nonkeyso  Thus  it  was  of  inter¬ 
est  to  determine  the  radioprotective  activity  of  certain  eomblnations  of  A£7, 

KEA  and  cysteine  in  ritsa  For  these  experiments  groups  each  containing  four 
rats  were  given  various  mixtures  of  cysteine  and  MEA  or  cysteine  and  AET  30 
minutes  befors  liOO  r  of  x-irradiationa  Three  days  later  the  animals  were 
saerlfioed  for  adenosine  triphosphatase  assays  on  the  spleens  and  thymua 
glands  and  cholinesterase  maasuranents  on  the  inteatineeo  The  reeulte  of 
these  meesuremente  are  presented  in  Table  2^ 

The  data  presented  in  Table  2  indicate  that  oral  a«kBlni8t'i.'atlon  of 
the  mixture  of  1,000  of  oysteine  and  200  iag|B«/k^.  of  MEA  provided 

substantial  proteotion  to  the  hematopoietic  tissues  but  did  not  benefit  the 
Intestine  whm  given  30  minutes  befors  iiOO  r  of  x-ray^  Increasing  the  amount 
of  MEA  in  the  mixture  to  250  mgao/kgmo  did  not  improve  the  radioprotective 
qualities  of  this  comblnatlono  Several  dosage  levels  of  AET  were  given  in 
eombination  with  1,000  m^n./kgso  of  oystelnsa  The  most  effective  mixture  of 
these  eonpounda  tested  contained  600  mgHa/kgjno  of  AET.  This  eombination  pro¬ 
vided  sttbatantlal  reductions  in  the  biological  effect  of  x-ray  in  all  the 
tissues  studiedo 

The  effect  of  2-lmino-thiaaolldine-U-^rboxyllc  acid  on  the  ^^O^^dey 
eunrlval~of*  rats  aJ!*ter  r  of*  total-body  x-irrediaEIon^  Results  of  experi- 
manis  presented  in  this  and  our  previous  report  indicate  that  in  certain 
instanoes  2-imino-thiaiolidlne-ii-carboxylie  acid  provided  significant  re¬ 
ductions  in  the  biological  effect  of  liOO  r  in  the  tissues  under  Investigationo 
In  order  to  relate  this  protective  effect  to  the  ultimate  survival  of  the 
animals  UiO  mgmo/kg^a  of  the  thlasolldine  derivative  wee  given  at  25  mlimtes 
before,  10  minutes  before,  or  25  minutes  after  exposure  of  rats  to  a  lethal 
dose  of  X -irradiation.  The  data  presented  in  Tabls  3  ^ow  the  effects  of  this 
compound  on  the  30-day  survival  ami  median  suirvival  time  of  animals  treated  In 
this  manner.  A  does  of  650  r  of  x-irrsdiatlon  caueed  100l{  mortality  and  re¬ 
sulted  in  a  median  eurvlval  time  of  nine  dayso 

The  adnlnletrntion  of  lUO  m^a./k^Qo  of  2-lmlno-thlaeolldir)e-)i-carboxylic 
acid  ten  minutes  before  x-ray  permitted  survival  of  60^  of  the  rats  glvan  850  r» 
The  injection  of  thlasolldine  25  minutes  before  x-ray  waa  not  aa  effective  and 
prevented  mortality  in  one  of  the  five  animals  given  850  r  of  x-lrradlatlon. 
Results  of  rsesnt  studies  tn  this  laboratory  (3)  indicate  that  this  thlasolldine 
increased  the  median  survival  time  and  permitted  significant  survival  of  mica 
after  650  r  of  whole-body  x-ray.  Thus  it  was  of  interest  to  detennino  the 
radloproteotive  activity  of  thie  compound  when  given  25  minutes  after  850  r  of 
radiatlono  The  results  of  this  study  indicate  ^it  the  adnlnlstratlon  of  11*0 
mgm./kpi.  of  2-imino-thissolldine-li'^arboxylic  acid  ?5  minutes  after  x-ray  did 
not  prevent  the  radiation-induced  mortality  from  850  r  and  ap*>oared  to  enhance 
the  lethal  effects  of  x-irradietlon  as  indicated  by  a  reduction  In  the  median 
survival  time  from  nine  days  to  five  days. 
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TABI£  3 

THE  EFFECT  OP  2-miN0--TH]AZQLIDINE-li-<URB0mjC  ACID 
ON  THE  30-nAI  SURVIVAL  OP  RATS  AFTER  850  r  of 
TOTAL-BOUT  X-IRRADIATIOM 


Doom  in 

Tims  of 
Adnlnistra bion 
with  Respect 
to  I-ray 

Survivors/ 

Totol 

Animals 

% 

Survival 

Median  Survival 
Time 
(Days) 

None 

•  •  •  0 

0/50 

0 

9 

lliO* 

10  mine  before 

3/S 

60 

23 

lliO* 

25  Bins  before 

1/5 

20 

19 

lUo* 

25  ulna  after 

0/5 

0 

5 

^Sjqiressed  as  mga»/k0na  oquivalents  of  HCN. 
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OiseuflBlon 


Thli  Investigation  consisted  of  a  continuation  of  experinents  under¬ 
taken  to  obtain  information  concerning  the  radioprotective  activity  of  2-iiBino- 
thlasolidins-li-oarboxylic  acid  injected  intraperitoneally.  Studies  were  also 
undertaken  to  detsmine  the  effect  of  the  oral  administration  of  various  mix¬ 
tures  of  cysteine  and  AET  or  cysteine  and  MEA  on  the  radiation-induced  changes 
in  the  adenosine  triphosphatase  activity  of  the  spleens  and  thynus  glands  and 
in  the  cholinesterase  activity  of  the  small  intestine  of  ratso  The  results  of 
these  experiments  showed  that  UiO  mgn»/lcgma  of  2-imino-thiaxolldine-U-earboxylio 
aoid  provides  substantial  protection  to  the  spleen  and  intestine  and  protected 
60%  of  the  rats  against  the  lethal  effects  of  850  r  of  x-ray*  Initial  experi¬ 
ments  indicated  that  the  adainistration  of  this  thlazolidine  derivative  in 
combination  with  MEA  reduced  the  radioprotective  activity  of  MEA  in  the  tissues 
studied* 


Studies  on  the  influence  of  mixtures  of  oycteine  and  AET  given  orally 
on  the  radiation-induced  changes  in  the  enzyme  activity  of  the  hematopoietic 
tissues  and  intestine  of  rats  showed  that  the  mixture  of  IjOGO  in0ii»/kgmo  of 
cysteine  and  600  mgmo/kgm«  of  AET  provided  a  substantial  reduction  in  the  bio¬ 
logical  effects  of  1^00  r  in  the  tissues  studied*  Other  doses  of  AET  ranging 
from  300  mgma/kgno  to  700  ragmo/lcgjno  were  administered  as  mixtures  with  1,000 
ragmo/iegmo  of  cysteine  but  were  less  effective  In  preventing  the  changes  in 
enzyme  activity  of  one  or  more  of  the  tissues  studied*  Resul-ts  of  initial  ex- 
parlmentB  on  the  radioprotective  activity  of  200  ngra*/kgme  or  2^0  mgmc/kgmo  of 
MEA  given  orally  In  combination  with  1,000  mgmo/kgn.,  of  cysteine  indicated  that 
this  combination  is  conaiderably  mor«  effective  when  given  intrapcritcnaaHy* 
Additional  experiments  are  currently  in  progress  to  obtain  further  infoBnation 
on  the  influence  of  oral  administration  of  various  combinations  of  radiopro= 
teotive  compoundBc 


Summary 

lo  A  study  WEB  conducted  to  determine  the  influence  of  Z-iraino-thiazolidine- 
U">oarboxylie  acid  on  the  radiation-induced  changes  in  the  enzyme  activity 
of  the  spleens,  tt^mrus  glands  and  intestines  of  rats*  It  was  found  that 
administration  of  lliO  rngflo/lcgmc-  of  the  thiazolidine  (expressed  as  equiva¬ 
lents  of  HON)  ten  minutes  before  x-irradiation  provided  19%  and  16%  r®- 
duotions  in  the  biological  effect  of  itOO  r  in  the  spleens  and  small  iji- 
tostines  respectively.  Administration  of  this  compound  2$  minutes  before 
radiation  provided  substantial  protection  to  the  spleens  but  did  not  bsne-^ 
fit  the  other  tissues  studied*  Increasing  the  dose  of  the  thiazolidine 
to  17^  ingm<,/kgmc  failed  to  enhance  the  protective  activity  In  the  hemato¬ 
poietic  tissues.  The  combination  of  ll;0  m0s*/k0iio  of  2-i3aino-.thiazolidlne- 
li-carboxylic  acid  and  200  mgm./kgm*  of  MEA  did  not  reduce  the  biological 
effect  of  x-irradlation  to  the  extent  of  MEA  given  singly* 

2o  Experiments  were  undertaken  to  obtain  information  concerning  the  radiopro¬ 
tective  activity  of  mixtures  of  cysteine  and  MEA  or  cysteine  and  AET.  When 
administered  orally.  These  studies  indicated  that  mijeturos  of  1,000  mgm./ 
kgm*  of  cysteine  with  200  raga.  /kgra*  or  2^0  mgm,/k(jn*  of  MEA  provided  moder¬ 
ate  reduotious  in  the  biologicid  effect  of  radiation  in  the  hematopoietic 
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ti88ua0  but  did  not  benefit  t^e  intestines  when  given  30  minutes  before 
x-ray.  Doses  of  A£T  ranging  frm  300  m^n./kg^c  to  700  m^a./k^s  were 
given  in  oombination  with  1,000  mffio/kgno  of  cysteine.  The  mixture  con¬ 
taining  1,000  mgm.Ae»o  of  qrstelne  and  600  mgm.AffOo  ot  AET  was  the  most 
effective  and  provided  reductions  of  37^,  22%  and  2$%  in  the  biological 
effects  of  x-irradlation:  in  ths  spleens,  thymus  glaxids  and  intestines 
respeotlvsly. 

3.  Results  of  studies  on  the  effects  of  UtO  nffa.AsBo  of  2-inlno-thia8olidine- 
ii-carboxylic  acid  on  ths  30-day  survival  of  rats  given  B$0  r  of  x°ray 
showed  that  the  administration  of  this  agent  ten  minutes  before  radiation 
permitted  60f  survival.  One  of  the  five  rats  given  the  thiazolidlne  de¬ 
rivative  2^  minutes  before  radiation  survived  the  test  period.  Adminis¬ 
tration  of  the  compound  2S  minutes  after  850  r  of  x-ray  enhanced  the  lethal 
effects  of  radiation  as  indicated  by  a  marked  reduction  of  the  median  sur¬ 
vival  time. 
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THE  EFFECTS  OF  lONZZIIiQ  HAOIATICNS  ON  THE  BICCHEt^ISTRY 
OP  MMMALIAM  TISSUES 


IIIo  lnflu«ic<  of  X«tor«dlatlTO  y  Reduetaae  AotlTlty 
ilvere  of  Partially  Hepatecfemiaed  Hate 

Kenneth  P«  DuBoie  and  Bernard  Eo  Hletbrink 


^la  rerort  ooneerMi  Farther  neasurenente  of  the  reductase  actlrity 
of  the  l^Tera  of  normal  animals  and  a  comparlaon  of  the  rate  of  development 
of  reductase  activity  In  the  livers  of  unirradiated  and  irradiated,  hepat/acto<° 
raized  ratSo 

i 

Iwnediate  or  tiltlraate  application  of  the  results:  The  present  stuc|y 
represents  a  oontinuation  of  siucies  on  the  effects  of  radiation  on  individual 
steps  of  the  hydrogen  transport  systena  A  number  of  recent  previous  axperl» 
ments  in  this  laboratory  have  shown  that  the  development  of  oxidative  microsome 
enzynsB  that  require  reduced  triphosphopyridlne  nucleotide  are  inhibited  by 
x-irradlatlonc  Since  the  reductase  activity  has  the  same  coenzyme  requlreaent 
as  ralcrosone  oxidases,  a  study  of  the  influence  of  radiation  on  reductase  ac» 
tivity  offered  a  means  of  ascertaining  whether  the  radiationoindueed  defect  in 
nicroaorae  enzyme  activity  occurred  at  a  step  preceding  the  formation  of  reduced 
triphosphopyridlne  nuoleotldeo  Our  previoua  studies  have  shown  that  x-irradl- 
ation  dMB  not  inhibit  the  reductase  activity  of  the  livers  of  young  rats® 
Previous  studies  in  this  laboratory  dgmonstraU'd  that  the  development  of  micros 
seme  oxidases  in  the  regenerating  livers  of  hoputeotomized  rats  is  Inhibited  by 
x-ir radiation®  In  tlie  present  study  the  influence  of  x-lrradiatlon  on  the  de“ 
velopnent  of  reductase  activity  in  the  livers  of  hepatectonlsed  rats  was 
measuredo  It  was  anticipated  that  radiation  would  not  affect  the  regeneration 
of  this  eyattm  in  view  of  the  absence  of  an  effect  by  radiation  on  the  reductase 
aotivlty  of  the  livers  of  young  animalso  The  reeulte  of  these  experinents  have 
provided  Airther  evidence  for  a  radiation  sensitive  step  in  hydrogen  traiisport 
system  located  between  reduced  -trlphosphopyrldine  nucleotide,  and  oxidlzable 
substrates  in  the  microsofits  enzyme  systems  of  rat  liver®  Thus,  the  findings 
have  provided  information  which  localizes  to  some  extent  the  radiatlon'-sensltlve 
step  in  metabolio  reactions  catalyzed  by  microsome  enzymee®  The  ultimate  ob« 
jeotive  of  these  studies  is  to  eotpand  available  Information  on  the  basic  bio- 
chsBiieal  defects  produced  in  animal  tissues  by  ionizing  radiations® 

A  number  of  previous  experiments  in  this  laboratory  have  indicated 
that  the  dovelo^nt  of  oxidative  reactions  catalysed  by  microsome  enzymes  is 
inhibited  in  the  livers  of  young,  mole  rats®  Direct  evidence  for  this  effect 
was  obtained  (l)  by  measuranents  of  the  oxidative  desulfuration  of  pho8phoro<» 
thloateso  Tha  development  of  these  enzyme  systems  to  the  normal  ad^t  level 
normally  occurs  during  the  first  six  weeks  after  birth  of  male  rats  (2)®  To\mg 
rats  exposed  to  200  r  or  hOO  r  of  xoirradiatlon  at  the  age  of  23  days  failed  to 
exhibit  the  increase  in  enzyme  activity  that  normally  occurs  between  23  and 
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days  of  aga  (l)e  Teatoatarone  atinulataa  tha  davalopmant  of  thla  ayatan  (3) 
in  tha  livara  of  mala  rate  bat  ahlalding  tha  taataa  daring  irradiation  did 
not  prerant  the  radiation-lnduoad  Inhibition  of  the  davrlopment  of  tha  ansyna 
ayatamo 


Tha  inhibitory'  affect  of  radiation  on  oxldatira  nleroaoma  anayaaa  atina- 
lated  oar  intereat  in  forthar  atudiaa  on  ndnroaona  anaynaos  The  activity  of 
thaaa  anaynaa  ia  dependent  upon  radaeed  pyridine  nucleotldea  which  era  ganar<" 
ated  by  dahydroganaae  ay8teaie>  If  radiation  inhibita  a  reaction  that  nonaally 
producaa  reduced  pyridine  nuelaotldaa,  all  mlcroBoaia  anaymea  dependant  upon 
thaaa  ooansynaa  ahi^d  be  affectedo  Sob»  direct  neaaareawnta  of  thla  poaai^ 
bllity  ware  conducted  in  thia  labcratory  bgr  atudying  tha  glucoaa^phoaphata 
dahydroganaae  and  6-phoaphogluconio  dahydroganaae  activity  (U*5)  of  tha  livara 
of  irradiated  rata.  Radiation  did  not  inhibit  any  step  in  tha  hydrogen  trana- 
port  ayataai  from  tha  aubatrate  to  radoead  trlphoaphopyridlna  noelaotida  8ttf» 
Hoiantly  to  account  for  the  narked  inhibition  of  the  phoaphorothioata  oxi*° 
dlsing  anzyna  in  tha  livara  of  young  ratao 

In  further  attaeg>ta  to  obtain  infonaation  on  the  aita  of  action  of 
radiation  on  tha  davelopaent  of  liver  nioroaonn  anaynaa*  wa  invaatigatad  tha 
reduetaae  activity  of  the  livara  of  young*  nomal  and  irradiated  rata.  Prior 
to  the  radiation  experlmenta  a  detailed  atudf  vaa  conducted  (6)  on  tha  pro¬ 
cedure  for  quantitative  aaaay  of  reduetaae  activity.  It  waa  found  that  tha 
method  of  Fouta  and  Brodle  (7)  doaa  not  aatiafy  tha  requlrananta  for  a  valid 
anayne  aaaay  when  applied  to  rat  liver.  In  thla  raapeet  the  noat  inqwrtant 
factor  waa  tha  conjugation  of  p-aainobanaoio  acid  formed  by  redaction  of  the 
p-nitrobenzoio  acid  which  necaaaitatea  hydrolyaia  of  tho  conjugate.  After  da- 
'ralopnant  of  a  aul table  reduetaae  method  it  waa  applied  to  the  livara  of  nomal 
adult  mala  and  female  rata  and  mala  mica.  Tha  preaant  report  eontaina  the  re- 
aulta  of  additional  meaaurmanta  of  the  reduetaae  activity  of  the  livara  of 
adult,  fonala  nice  and  adult,  mala  guinea  piga. 

Experlnenta  conducted  on  young  male  rata  aacrif iced  between  the  agea 
of  22  and  hZ  doya  dononatrated  that  tha  enzyme  activity  of  the  liver  ia  laaa 
than  half  the  adult  level  at  22  daya  of  age  and  the  activity  reaohea  the  adult 
level  by  35  daya  of  age.  Rata  e]q>OBad  to  UOO  r  of  x-ray  at  23  daye  of  age  ex¬ 
hibited  no  inhibition  of  the  rate  of  development  of  reduetaae  activity  in  the 
li'ver  (6). 

In  a  prevloua  etudy  (8)  we  found  that  aublathal  doaea  of  radiation 
inhibit  the  development  of  a  microaome  oxidaaa  in  tha  regenerating  livers  of 
male  rate  after  partial  hepatectongr.  Radiation  produced  on  effect  in  hapatecto- 
sized  rata  airailar  to  that  noted  in  young  male  rata.  In  view  of  the  raalatanoa 
of  reduetaae  to  ixihibltion  by  radiation  in  young  animals  It  was  antiolpatad 
that  the  regeneration  of  ra^ctaaa  activity  after  hepataetony  would  also  be 
resistant  to  radiation.  Tha  preliminary  ejqperiments  described  in  thla  report 
indicate  that  radiation  does  not  affect  the  synthesis  of  this  reduced  trlphoa- 
phopyridina  nuelaotide-Unked  enzyme. 

Hatariala  and  Mettodso  Adult,  Carworth  Faras  (CF^)  mice,  young  mala 
guinea  piga  and  adult,  male  Sprague-Dowley  rats  ware  used  for  thaaa  eKparimenta. 
Tha  animala  ware  kept  in  alr-oonditioned  rooms  and  ware  fed  Rockland  Rat  diet 
and  water  ad  libitum.  Partial  hspataotoegr  was  carried  out  under  ether  anea- 
thesiao 


X-lrradlfttlon  was  adhnlniatercd  as  aingls  whole  body  exposure  with  a 
QoE.  Haximar  Therapy  Unit*  The  radiation  factors  were  250  K7P«  15  aa<>»  Oe25 
nma  Ou  and  1  nm<>  A1  added  filtration*  The  targetHininal  distance  was  75  cUo 
and  the  dose  rats  was  35  r  to  39  r  per  nlnute* 

Measurement  of  reductase  activity  was  made  by  the  method  developed 
recently  in  this  laboratory  (6),  For  the- assays  on  iriouse  and  guinea  pig  liver 
three  levels  of  tissue  were  used  (25  ogm*,  50  ragm*,  and  100  mgn*).  The  assays 
on  rat  liver  were  performed  using  25  mgmo  and  50  ingm^  of  liver* 


Results 


Reductase  activity  of  the  livers  of  normal  f ancle  miy  and  m^e  guinea 
pigs*  In  previous  siudles  (6)  ve  found  that  there  is  no  difference  in  tne  re- 
tketnae  activity  of  the  livers  of  male  and  female  rats  and  the  ensyme  activity 
of  the  livers  of  male  mice  is  essentially  the  same  as  that  of  rats*  In  the 
present  study  assays  were  performed  on  the  livers  of  female  mice*  To  obtain 
Information  on  possible  species  differences,  the  reductase  activity  of  the 
livers  of  male  guinea  pigs  was  measured*  The  results  of  these  measuresients 
are  summarized  in  Table  1  where  the  average  and  range  of  values  for  groupe  of 
four  animals  are  presented*  The  values  for  the  amount  of  free  p-aninobenzoio 
acid  in  the  medium  and  the  total  amount  after  acid  hydrolysis  for  0*5  hours 
are  presented*  The  hydrolyzable  conjugate  is  presumably  the  acetate. 


TABI£  1 

REKJCTASE  ACTIVITT  OF  THE  LIVERS  OP  FEMAIE  MICE  AND 
MALE  GUINEA  PIGS 


Reductase  Activity 
Ijigra*  of  p«>Aminobenzoic  Acid/lOO  mgra* 

of  Tlssue/^our) 

Species 

Sex 

Free 

Total 

Average 

- 1 

Range 

Average 

Range 

Mice 

Females 

9*8 

(9«3“10*2) 

20*8 

(l8o9=*22c7) 

Guinea  pigs 

Males 

■Uo7 

(3*5-  5oU) 

7o8 

(7ol-8*6) 

The  results  of  these  measurements  showed  that  fonale  mice  exhibit  some» 
what  lower  reductase  activity  in  the  liver  than  males  as  evidenced  by  an  average 
of  28, U  units  of  activity  for  males  in  our  previous  study  (6)*  As  was  the  case 
with  males,  a  large  part  of  the  p°°amlnobeneoic  acid  was  in  the  aoetylated  form* 
The  average  reductase  activity  of  the  livers  of  male  guinea  pigs  was  7o8  units 
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which  was  about  3  to  U  tliiwa  lower  than  the  value  A>r  the  livers  of  nice  and 
ratSo  F\irthamore,  a  ooiq>ari0on  of  the  free  and  total  p*4Binobensolo  acid  in 
the  medium  indicates  that  a  SBMller  amount  is  acetylated  in  the  ease  of  guinea 
pig  livero 

These  measurements  demonstrated  that  there  is  a  oonsiderable  speoies 
difference  in  the  reductase  activity  of  the  livers  of  guinea  pigs  and  ratSe 
The  relative  activity  of  the  reductase  activity  of  the  livers  of  various 
species  was  not  in  the  order  which  Fonts  and  Brodle  (7)  reported  but  these 
investigators  did  not  consider  the  possibility  that  part  of  the  formed 
p>«alnoben80lc  acid  was  aoetylated  in  the  reaction  B^lum« 

Influence  of  200  r  of  x^irradlation  on  the  developmOTt  of  reductase 
activity  in  regenerating  rat  liver «  In  a -previous  studly  (B)  we  found  that  the 
microscm  ensyme  STstsm  thai  cataiCyzes  the  oxidation  of  phosphorothloates  re¬ 
turns  to  a  nomal  level  of  activity  In  about  15  days  after  partial  hepatectom^ 
of  ratso  Sublethal  doses  of  radiation  given  two  days  after  partial  hepateotOBQr 
markedly  Inhibited  the  rate  of  regeneration  of  the  ensyme  activitya  To  ascer¬ 
tain  the  effect  of  radiation  on  the  reductase  activity  of  regenerating  liver 
a  aeries  of  rats  was  partially  hepateetomlzeLl.  Some  of  the  animals  were  ex¬ 
posed  to  200  r  of  whole  bod^  x-irradiation  at  18  hours  after  hepatectomy. 

Groups  of  three  nomal  and  irradliited  rats  were  sacrificed  at  intervals  after 
hepatectomy  and  the  reductase  activity  of  the  liver  was  measured.  The  results 
of  these  measurenents  are  summarized  in  Table  2^ 


TABI£  2  . 

EFFECT  OF  X-IRRADIATICW  ON  THE  REDUCTASE  ACTIViry  OF  illB 
LITERS  OP  RURTIALLT  HEPATECTOMEED  RATS 


Days  After 
Hepatectony 

Dose  of 
X-ray 

— 

DayB  After 
X-ray 

Reductase  Activity 
p-Amlnobenzolc  Aoid/lOO  mgm.^^our) 

Free 

Total 

_ 

Average  Range 

Average 

Range 

9 

0 

e  e  • 

10,6 

(10,2-10,8) 

32.9 

(30,7-3lio3) 

12 

0 

•  o 

8,9 

(8,8-9,0) 

29.7 

(28o7-31o7) 

3 

200  r 

2»1A 

11,2 

(llol-llolt) 

21,1 

(18.9-22,8) 

7 

200  r 

6 

lijol 

(ll,5-llic8) 

3U.0 

(30,li-37,6) 

10 

200  r 

9 

7.3 

.  (6,6-7.6) 

31,8 

(28,9-35.0) 
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Albhcragh  boob  additional  aaaayB  ranaln  to  be  perfomed  on  unlrradi- 
ated  animals  saerliTleed  at  Shorter  Interrala  after  hepateetooy,  the  data  In 
Table  2  suggest  that  the  reduotase  aotlTitgr  returns  to  the  normal  level  rapld» 
ly  after  partial  hepateotonyo  At  intervals  for  which  oonparable  data  have 
been  obtained  on  unirradiated  and  irradiated  hepateotomised  animals  there  was 
no  differenoa  in  the  reduotase  aotivitgr  of  the  livers  of  the  two  groupso  Thus 
it  appears  that  radiation  does  not  affect  the  regeneration  of  reductase  ac" 
tivlty  in  the  livers  of  hepateotoBised  rats  in  contrast  to  the  Inhibitory  ef¬ 
fect  on  regeneration  of  microsome  oxidase  activity  (8)o 

In  the  reductase  assay  developed  for  these  studies  nitrogen  was  used 
as  ^  gas  phase  to  prevent  utilization  of  reduced  triphosphopyrldine  nucleo¬ 
tide  through  oxidative  pethwaySo  Since  at  least  one  oxidative  reaction  that 
utilizes  reduced  triphosphopyrldine  nucleotide  is  Inhibited  by  radiation  (1), 

It  seemed  possible  that  the  reduMd  triphosphopyrldine  nucleotide  level  might 
be  maintalhed  high  enough  even  in  the  presence  of  oxygen  for  some  reductase 
activity  to  ooouro  To  test  this  possibility  assays  were  performed  on  the  same 
groups  of  animals  used  for  the  meaenments  shown  in  Table  2  and  oxygen  was 
used  as  the  gas  phasso 

Comparison  of  the  data  in  Tables  2  and  3  shows  that  the  reductase  ac¬ 
tivity  was  much  lower  under  aerobic  conditions  than  under  anaerobic  conditions  g. 
There  was  no  increase  in  aotivity  in  the  livers  of  irradiated  anlmalso  Thus, 
the  livers  of  hepatectomlzed  rats  exposed  to  200  r  have  sufficient  capacity 
to  oxidise  trii^sphopyrldine  nucleotide  to  prevent  accumulation  of  reduced 
triphosphopyrldine  nucleotidso 


TABLE  3 

REDOCTASE  ACTIVITr  OF  THE  LITERS  OF  BIBTIALLI  HEPATECTOMZED, 
IRRADIATED  AND  UNIRRADIATED  RATS  MEASURED  UNIEE 
AEROBIC  CCNDITIGNS 


Reduotase  Activity 
(pffOe  p-Amlnobenzoic  Acid/lCX)  mgmo 

Tissue/Hour) 

Days  After 
Hspeteotomy 

Doss  of 
X-ray 

Days  After 
X-ray 

Free 

Total 

Average 

Range 

Average 

Range 

9 

0 

•  •  0 

3.2 

(2.1*“3.8) 

Uo3 

(Uo2-lic.U) 

12 

0  ■ 

«  •  o 

2o9 

(2.2-3.6) 

k.7 

(aa-5o2) 

3 

200 

2-iA 

3.1 

(2o6-JioO) 

LI 

(3.7-lio3) 

7 

200 

6 

34 

(2o3-U.l) 

L6 

(3o3-5o9) 

10 

200 

9 

2o7 

(2.6=2o8) 

2c8 

(1.9-3 oO) 
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OlBonsfllon 


Th«  present  Ixnreetlgatlon  wee  oondacted  to  obtain  Ibrttaer  infOraation 
on  the  redoetaee  STetem  of  rat  liver  and  the  influence  of  whole  body  irradi*< 
ation  on  the  redoetaee  aotirlty.  Secant  axparlnente  in  this  kboratoiy  (6) 
resulted  in  the  deralopnent  of  a  quantitative  assay  for  reductase  activity  and 
application  of  the  nathod  to  the  tissues  of  normal  aninalso  The  results  of 
assays  on  the  livers  of  rats  and  nice  demonstrated  that  there  is  no  difference 
in  the  ensyae  activity  of  the  livers  of  nmle  and  female  rats  and  male  mloe<.  In 
the  present  study  it  was  found  that  the  livers  of  female  mice  have  slightly 
less  activity  than  the  livers  of  males  and  the  livers  of  guinea  pigs  teve  mneh 
less  reductase  activity  than  adoe  or  ratso  Our  stadies  demonstrated  that  the 
reductase  activity  is  higher  and  ^Moies  variations  are  different  than  was  re¬ 
ported  by  Pouts  and  Brodie  (7)  but  investigation  of  their  procedure  Indleated 
that  it  does  not  meet  the  requiroBents  of  a  valid  ensyae  assay. 

Our  previous  experlnents  on  reiaaetase  (6)  have  demonstrated  that  this 
ensTme  is  not  affected  by  radiation  in  contrast  to  the  mtrlced  Inhibitory  effect 
of  radiation  on  the  development  of  a  mierosome  oxidase  (!}«  Other  esqperimenta 
showed  that  radiation  does  not  appreoiably  affect  any  step  in  the  glucose- 
6-pho8phate  dehydrogenase  systm  between  the  substrate  and  reduced  triphospho- 
pyridlne  mioleotideo  The  results  obtained  to  date*  therefore,  indicate  that 
radiation  inhibits  a  mierosome  ensjme  reaction  between  an  oxldiaable  substrate 
and  reduced  trlphosphopyrldlne  nucleotides  The  exact  nature  of  this  oxidative 
ensymatlo  reaction  has  not  been  elueidateds  Further  work  on  the  inhibitory  ef¬ 
fect  of  radiation  on  this  qrstem  nay  aid  in  understanding  the  details  of  micro- 
some  oxidase  reactions  and  may  provide  information  on  the  exact  mechanism  by 
which  radiation,  inhibits  the  reaction. 


Smsnary 

Is  Measurements  of  the  reductase  activity  of  the  livers  of  female  mice  indi¬ 
cated  that  the  ensjoe  activity  was  slightly  lower  than  the  activity  of  the 
livers  of  male  nioea  The  msyme  activity  of  the  livers  of  nonaal  male 
guinea  pigs  was  2  5^  to  3  5^  of  the  level  of  activity  in  the  livers  of  rats 
and  mloso 

2c  The  reductase  activity  of  the  livers  of  partially  hepateotomised  male  rats 
was  measured  on  unirradiated  rats  and  on  comparable  animals  given  200  r 
of  x-lrradlation!  18  hours  after  hepatootomyo  Mo  difference  was  observed 
between  the  enayme  activity  of  the  irradiated  and  unirradiated  animals o 
Conduction  of  the  reductase  assay  under  aerobic  conditions  also  did  not 
reveal  any  differences  between  irradiated  and  control  animals  thus  indi¬ 
cating  that  utilization  of  reduced  trlphosphopyrldlne  nucleotide  through 
oxidative  reactions  was  not  sufficiently  inhibited  by  this  dose  of  radi¬ 
ation  to  cause  accunulatlon  of  reduced  trlphosphopyrldlne  nucleotide. 
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FHARK/lCOLOC^iCAL  AHD  TUIICCLOOICAL  CGHFODNSS  AS  FBOTECTZVE  OR 
THERAnCOTlC  AQEIITS  AGAINST  RADIATION  INJORT  IN 
ESFERIMENTAL  AHIMAIS 


la  Th*  InflxMiiM  of  Varlooa  Chfloical  Compounds  on  Radiation 
- GihJl&ln'Tllw  •  - 


T,  Plsak,  M.  Root  axui  Jo  Ooull 


Thia  report  oofacamat  Tha  sunrlval  tine  and  nortallty  of  male  CFi 
■iee  treaied  with  various  ohanloal  compounds  innediately  prior  to  the  a(fcninis° 
tratlon  of  a  lethal  dose  of  idtols'^bo^y  x-irradlationa 

Imaedla^  or  ultlnate  application -of  the  ireroltot  To  find  chemical 
ooi^Munde  capable  of  reducing  or  preventing  mortality  in  x-irradiated  animals 
and  to  eluoidate  sene  of  the  structare-aetlTity  relationships  within  groups 
of  related  chaaiieal  proteotive  agents.  Although  none  of  the  currently  awail- 
able  radioprotective  agents  provide  a  practical  solution  to  the  problem  of 
preventing  acute  radiation  injury  because  of  their  toxicity  or  relative  ln-> 
effectivenessf  the  study  of  these  cOBQ>ounds  and  related  derivatives  provides 
the  most  logical  approach  to  finding  ecnpounds  with  an  improved  therapeutio 
index.  A  better  understanding  of  the  precise  structural  eonflguration(s)  re¬ 
sponsible  for  naxlsMil  radioproteetive  activity  with  mini'^'isl  toxicity  would  also 
be  of  oonslderable  value  in  furthering  our  knowledge  of  the  basic  meohanisms 
of  radlatioa  damage  in  biological  systeau. 

»«*«««•« 

During  the  past  three  aionths  thlr^-four  additional  cheaiical  compounds 
were  evaluated  for  proteotive  activity  against  the  lethal  effects  of  whole  body 
x-ray  exposure  in  ndoa.  In  addition*  two  biological  preparations*  an  extract 
of  high  molecular  weight  bacterial  lipopolysaccharlde  and  a  spwlally  processed 
type  of  chlorophyll*  were  actninistered  under  varying  conditions  bofore  and  after 
a  lethal  doae  of  x-irradiatlon  to  ascertain  whether  they  would  exhibit  radio¬ 
protective  effects.  Previously  (1)*  propylene  glycol  had  been  found  to  be  pro¬ 
tective  when  adolnistered  chronically  and  it  was  retested  at  this  time  to  sub¬ 
stantiate  the  results  of  the  previous  study* 

Materials  and  Methods.  Adult*  male  CFi  Carworth  FUma  mice  were  em¬ 
ployed  for  these  studies.  TKe  compounds  vere  dissolved  either  in  water  or  in 
propylene  glycol  and  were  administered  intraperitoneiilly  with  the  concentration 
adjusted  so  that  tha  animals  received  no  more  than  of  their  boijy  weight  with 
each  injeetion.  Preliminary  toxicity  studies  were  carried  out  with  each  com¬ 
pound  to  detemine  the  maxima  amount  of  each  darivatlve  which  oould  be  adtatinls- 
tered  to  the  mioe  without  causing  mortality  due  to  the  chemical  toxicity. 

At  least  two  dpsage  levela  of  each  derivative  were  employed  for  the 
rediation  studies  and  a  minimum  of  ten  mice  were  tested  at  each  dosage  level. 

The  pompounds  were  ackolnietered  1^  minutes  prior  to  the  x-ray  ejqposure  which 
ooneisted  of  700  r  of  whole-body  x-irradlatlon  given  as  a  single  ej^osureo 
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The  radiation  factors  were  2^0  KVP«  1$  ma.,  target-skin  distance  75  cm*, 
added  filtration  0.25  nm«  copper  plus  l.O  nn«  aluminum}  and  the  dose  rate  was 
UO  r  per  minute  as  detemlnad  by  moans  of  a  Vletoreen  Ionisation  ohamber  in 
air*  Control  animals  were  giTsn  oo^qmtrable  amounts  of  the  vehlele  and  ir¬ 
radiated  simultaneously  with  the  treated  animals.  The  mortality  and  the 
weight  loss  in  the  control  and  treated  nice  were  followed  dally  for  30  days 
after  the  x-ray  exposure  or  until  all  of  the  animals  ware  dead.  The  detailed 
description  of  the  irradiation  procedure,  housing  and  handling  has  been  in¬ 
cluded  in  previous  reports  (2). 

The  USAF  code  letter  designation  and  the  source  of  the  oonpounds  in¬ 
cluded  in  this  study  are  listed  in  Table  1. 


TABIE  1 

SOITflCE  AND  USAF  COEE  I3UMBER  OP  COMPOUNDS  INCIUDED 
IN  THIS  REPORT 


USAF 

Designation 


Source  of  Compound 


AD 

CT 

UI 

QE 

VI 

MJ 

WL 

PD 

UCTL 


Alplnapham  Ltd,,  Zurich,  Switzerland 

Dtc.  So  Qroth,  Arflerioan  Cyanamid  Company,  Bound  Brook,  New  Jersey 

East^itui  Kodak  Company,  Rochester,  Nsw  York 

Dr,  No  Jo  Leonard,  University  of  Illinois,  Urbana,  Illinois 

Dr»  IIo  Weiner,  Qeigy  Chemical  Corp,,  Ardsley,  New  York 

Dto  Ho  So  Sadow,  U«  S.  Vitamin  and  Fharmaceutieal  Corp,,  No  Yo 

Dtc  So  Wo  Durachta,  Hoad  Johnson  Rssearch  Center,  Bvans^Ue,  Dads 

Dto  E«  So  Swarts,  VJsrncr-Lambert  Research  ln»to,  Morris  Pl^ine^  No  Jo 

Dr,  Ho  D,  Westland,  Parke  Davis  end  Company,  Detroit  Michigan 

University  of  Chicago  Toxicity  Laboratory 


Eerulta 


Pi’ellainary  toxlciity  studisso  In  order  to  determine  the  maxlattaa  safe 
dose  for” use  in  the "radiation  ctudiea,  it  wes  necessary  to  obtain  an  approximate 
LDgQ  for  the  various  compounds «  Accordingly,  small  groups  of  ml,co  were  injected 
intraperitoncally  with  increasing  dosage  levels  of  each  compound,  and  the  re¬ 
sulting  Kortnlity  was  recorded  for  a  period  of  one  week.  The  results  of  these 
toxicity  tests  aro  ohewn  In  Table  2, 

E^luatioi'i  of  cOTpoxxnds  for  radloproteot^  activity.  Since  the  X'-ray 
dose  of  iob  r  used  for  these  studlas  promxcen  lob^  mortality  within  a  period  of 
two  t^eks,  a  compound  la  considered  to  exhibit  significant  radioprotective  ac¬ 
tivity  if  it  incroawoa  the  STjo  ^  ^  pemits  any  of  the 

treated  aairaals  tci  eurvive  for  30  days  after  the  x-ray  exposure.  The  results 
of  the  radiation  studies  nay  bo  soon  in  Table  2,  Included  are  the  name,  numbor 
and  stniotural  fomuae  of  each  of  the  compounds,  the  vehicle  used  for  both  the 
toxicity  and  radioprotective  studios,  the  increase  or  decroase  (in  days)  :ln  the 
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TABLE  2 


ACOTE  nmiAPERlTONEAL  TOXICITT  AHD  RADIOI^OTECTIVE  ACTIVITT 
CP  VARIQOS  CHOUCAL  CCMPODIIIG  IN  KA1£  MICE 


NttM  and  Fonmla  of 
Oo^>ound,  USAF  No<>  and  Vahlela 
Uaed  for  Toxioltgr  and 
Radiation  Taata 

Toodoitj 

Radiation  Studioa 

Approx. ' 

11^0  to 

■0i.A0Bo 

Odso 

in 

n0B.AE>B» 

Change  in 

STgo  to 

mya 

Mortality 
at  30  Days 
After  X-ray 

aiutathiona  (glutanqrl<-078talnyl» 
gljaina) 

AL-1  (R2O) 

0  0 

il  jl 

HOOCjSCH2CH2CNHfflffiHCH2COOH 

GRm 

*  k" 

>100 

» 

00 

♦  2 

0 

II 

Olntathiona  (63<>$7!0**a8corbate 
(36.1»3S{) 

AL-2  (H2O} 

H00C^CH2CH2^CH^CH2C00H 

m,  kj 

♦ 

o»c  «===■ 

* 

HO-C  5 

1  0 

HO-C  1 

H-l  J 

R(M» 

1 

Cn20H 

>100 

100 

50 

♦  2 
♦  1 

9A0 

9/10 
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TABLE  a-^CoQilntMd 


Name  and  Formula  of 
Compouiidf  USAF  No'.>  and  Vehicle 
Heed  fbr  Toxicity  and 
Radiation  Teats 

Toodoltgr 

Radiation  Studies 

•  0 

0 

Dose 

in 

n^D./kgno 

Change  in 

ST50  in 

Days 

Mortality 
at  30  Days 
After  X>ray 

Glutathlone-aaoorbata  (one  part 
glutathione  to  ten  parts  of 
▼itamln  C) 

AL-3  (HgO) 

>100  - 

100 

50 

♦  2 

1 

10/10 

loAo 

Glutathione  ascorbate  vlth 
calclusi  phytate  (oalclvim 
magneoium  Inositol  hexa- 
phosphat^j) 

AL-U  (HgO) 

>100 

0  0 

♦  2 

-  2 

loAo 

loAo 

(Carboxyaiebhyl)  trirasthyl  emraonivm 
N-ac8tyl“L“oyateinate 

HJ-li  (5075-40)  (HgO) 

HSCH2(JH  — --=C0CN=CK3 

NHG^K3  fcH3 

0  CH2COOH 

• 

>1000 

1000 

500 

0 

0 

0  0 

6-7*-Dilwdro=3~«sthyl=?H-iraida80 
(2;lb)thia8ollu»  chloride 

MJ-e;  (6796-1)  (HgO) 

■ 

JJO-IOO 

50 

25 

-  2 

-  1 

10/10 

loAo 
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TAB1£  2*^Continued 


Sum  and  Formula  of 
Compound,  USAF  No.  and  Vahlola 
Used  for  Toxiolty  and  a 
Badiatlon  Taaia 

Toxloitj 

Radiation  Studiaa 

Approx. 

■^./Kga. 

Doaa 

in 

m^i.AvBo 

Change  in 

STgo  In 
Daji 

Mortality 
at  30  Di^ 
After  X-ray 

Soditat  bata>8ulfoproplonltrll« 

cr-19  (BgO) 

H-C — C-CIN 

R  |[  (Na  aalt) 

>1000 

t 

88 

1  1 

loAo 

10/10 

DBC  Poirder  No.  2 

71-1  (HgO) 

(a  blguanide  Phenformln  derlva- 
tlvo) 

100 

50 

25 

♦  3 

♦  3 

0  0 

DBB  Povdar  No.  U 

71-2  (H2O) 

(A  blguanlda  Rianformln  derlva<» 
tiva) 

50.100 

50 

25 

♦  2 
♦  3 

loAo 

loAo 

DB7  Powdar  No.  6D 

71-3  (HgO) 

(A  biguanlda  Fhenfomin  derlaa- 
tiva) 

100-200 

10c 

50 

♦  5 

♦  3 

If 

OBTO  Powder  No.  8 

7I-U  (HgO) 

liA  biguanlda  Fhanformin  dariva- 
tiwe) 

100-200 

100 

50 

♦  2 
*  1 

loAo 

loAo 

3U 

TABLE  2«^ontlimed 


NoM  and  Pomtula  of 
CompoTuidf  USAP  Ko,  and  Vehicle 
Used  for  Toxicity  and 
Radiation  Testa 

Toxicity 

Rudlatlon  Studies 

Approxo 
li)^  in 

1  Dose 

1  ^ 
vigaio/kffiia 

Change  in 
STcq  In 
uaye 

Mortality 
at  30  Days 
After  X-ray 

DECT  Powder  Ho,  IR 

VI»5  (HgO) 

(a  blguanlde  Phenformln  deriva*' 
tlve) 

] 

200-300 

200 

100 

JvO 

+11 
+  2 
+  2 

3/S 

10/10 

9Ao 

PhenfOTOln  HCl  Ho,  9113 

(beta-'phcnethjrlblguanido) 

VI-6  (HgO) 

CHgCIigNKC-HHCNrJg’KCl 

Im  sk 

100=200 

300 

30 

25 

+  2 
“  1 
+  1 

liA 

aoAo 

loAo 

( l~pyr r olidinooyolo -hexyl ) - 
methyl  thloeiilfUrio  acid 
(Zwittorion) 

UI-1  (1-179)  (HgO) 

.CHg-SSOj" 

d 

. 

100-200 

1 

j 

100 

50 

+  2 

0 

0 

PD-30  (13620)  (HgO) 

200=300 

200 

100 

0 

+  1 

t;  t: 

0  0 

PC<=33  (%0) 

'  130-300 

100 

SO 

1 

^  2 

6/6 

3.0/10 
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liBIE  2««0ontlnn»d 


H«m  and  Fonnila  of 
Ooapoiindf  OSfcF  No.  mtd  Vehiolo 
Uiod  for  Tojdoltj  and 
Badiatlon  Taata 

Toacloltgr 

Radiation  Studloo 

Approx. 

Doae 

la 

mg^,/)cg^c 

Change  In 
8T^  In 

Mortal!  tgr 
at  30  Oaya 
After  X-ray 

PD-35  (HjO) 

500 

300 

100 

50 

m 

0  0 

PD-37  (H2*0) 

500*1000 

88 

♦  li 

♦  2 

6/10 

10/10 

PD-i»7  (H2O) 

25-50 

25 

10 

♦  1 

♦  3 

10/10 

loAo 

PD-I18  (n20) 

5-10 

5 

1 

0 

®  1 

10  AO 

lOAO 

PD-75  (H2O) 

>  1000 

1000 

500 

0 
- 1 

loAo 

loAo 

PD-76  (H2O) 

t 

500*1000 

500 

300 

*  1 

0  1 

0  0 

0  0 

PD-77  (PO) 

500-1000 

1 

500 

300 

r-l  CM 

CM 

liAo 

loAo 

j 

PD-78  (PO) 

300-500 

300 

100 

B 

9Ao 

lOAo 

PD-79  (PO) 

500-100Q 

88 

0 

«  1 

If 

FD-80  (FQ) 


200 


100 

50 


-3 

-  1 


loAo 

10/10 


36 

TABX£  2— CoatimiBd 


N«i«  md  Ponnla  of 
Compound,  QSAP  No.  md  Vohlola 
Uaod  for  Toxioity  and 
Radiation  Teats 

Toxleity 

Radiation  Studies 

Approzo 

%0 

nga.Afe^* 

Dose 

in 

mgn«A0B° 

Change  in 
STgo  In 

Daya 

Mortality 
at  30  O^ra 
After  X-rqgr 

PD-82  (PC) 

300.^ 

300 

100 

+  1 
♦  2 

10  Ao 
9Ao 

PD-97  (HjO) 

$0-100 

50 

25 

0 

-  1 

loAo 
!  loAo 

PD-98  (HgO) 

25-50 

25 

10 

0 
“  3 

loAo 

10/10 

2-4(eth7lol,  i4>naphthoqpalnona 
(menadione) 

IX-5185  (PC)  (aleo  B^-UO) 

0 

50  ’ 

50 

25 

»  $ 

-  2 

1 

10/10 

loAo 

N,N-Dimethyl-p-phenylone- 
dianlne  dih^rocbloride 

EK-7U23  (HgO) 

N  ^ 

l^CH- 

^ 

r  i 

25-50 

25 

10 

♦  2 

0 

loAo 

10/10 

•2HC1 
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TABUS  2— Cmtlmakl 


Bum  and  Fomola  of 
Oonpoond,  USAF  No.  and  ?ehlolo 
Uaad  for  Toxioil^  and 
Radiation  Taista 

Toadoitgr 

Radiation  Stodiaa 

Approx* 

in 

m0k'»/kpi» 

Doae 

In 

Chahga  in 
STdo  in 

Mortallt^^ 
at  30  OdTB 
After  Z*ra7 

QB-10  (37981)  (HgO) 

hooccBa  ya 

^(CB2)2M(CH2)2  N(CH2)2H^ 
^COCH  (SHaCOoT^^ 

{ 

[9COCII 

I2UUOH 

U2O  with 
fi^CO« 
>300  -’ 

R2O  with 
CaClo 
300*500- 

300 

eonq^uced 
with  CaCl9 
(0,6-1.0)‘ 

300 

with  ltaHC03 

200 

eonplexed 
with  CaCl2 

200 

with  KaHC03 

200 

with  NaHC03 
CaCl2  pro 

“  3 

0 

-  1 

-3  ■ 

-  1 

loAo 

loAo 

loAo 

loAo 

loAo 

GB-U  (38306)  (P9) 

H - H 

J  II  /=v 

$0*100 

t 

90 

25 

• 

• 

-  2 
-  2 

loAo 

loAo 

2|6«bl8-(dlethanolanixio)  • 
li,  6»dlnlperldlno»pgrrliilda- 
(5«lt-d)  (Poraantln) 

QE>12  (FO) 

0 

1^1^  /CH2CH20H 

HOCHoCH/  j 

_ Q _ 

300*200 

1 

100 

50 

-  1 
-  1 

loAo 

loAo 
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TABLE  2— ContlnoBd 


Radiation  Studies 

Name  and  Pomilai  of 

CogqpouDdj  OSAP  No.  and  Vehicle 

Treataent 

Used  for  Toxicity  and 

Dose 

Change  in 

Mortality 

Radiation  Testa 

in 

ST^  in 
Ifiys 

at  30  Days 

■®b.A3»o 

After  X-ray 

111  days 
pre  700  r 

200 

♦  1 

loAo 

8  days 
pro  700  r 

200 

“  3 

loAo 

WL-1  (Wta  311*8) 

3  days 

pre  700 ;r 

200 

-  1* 

loAo 

An  extract  of  high  molecular 
weight  bacterial  lipopoly- 
aacoharide 

11*  days 
pi's  700  r 

50 

«  1 

10  Ao 

8  days 
pre  700  r 

50 

m.  1 

loAo 

3  (^8 
pro  700  r 

50 

0 

loAo 

'KDoeea,  ooncentratlons  and  tine  of  adainietratlon  war*  aoggeated  tajr 
Dro  Smrtse  < 
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STeg  of  tho  treated  mice  In  oo^parleon  with  that  of  the  alnultaneoaely  irradi* 
atM  oontrola  and  the  nortalitgr  at  JO  daye  after  the  x-^ray  aocpoaure. 

Slnoa  glutathione  haa  been  ahoun  to  ba  in  effective  radioproteotive 
agent  in  nloa,  it  waa  of  interact  to  evalnata  preparationa  whioh  were  ooaprlaed 
of  either  glutathione  alone  and  glutathlODa  in  varioua  oonbinationa  with 
aaoorbio  acid  and  ealeiun^pagnaaina  ^lytata.  In  Figaro  1  it  nay  be  aean  that 
vhan  i^tatblane  (AL-1)  waa  adainiatered  at  a  doaage  level  of  100  n0t,/kfyko 
prior  to  a  lethal  doae  of  x-irradiation,  U)^  of  the  alee  aunrived  for  30  daya« 
Lowering  the  doae  to  $0  a0B./kg^o  reaulted  in  loaa  of  the  protective  effeet« 
Whan  glutathione  vaa  given  in  ecnblnatim  with  aaoorbio  aoid  i6j,$T%-j6c\i3%) 
(AL-2T|  proteotlon  vaa  alao  obtained.  Both  doaea  of  AL°2  were  beneficial  with 
109(  of  ^  alee  aurviving  for  30  daya  after  irradiation.  The  eoablnation  of 
glutathione  and  aaoorbio  aoid  in  a  Itl  ratio  (AL>3)  ahowed  no  proteotlon  and 
tho  addition  of  CoKg  Inoaitol  hexaphoaidiate  to  the  ooeibination  (AL-U)  likawiae 
vaa  ineffeotive. 

Six  blgulhlda  derivativea,  including  ^ -phenathylblguanldo  (Fhanforndn 
hydroohloride)(VI<^)  were  evaluated  in  the  preaent  atudlea.  All  of  theae  eoa- 
pounda  are  oral  hypoglyoenie  agenta.  Figiu«  2  above  the  radioproteotive  affect 
obtained  when  TI«1  and  VI-3  were  admlniatered  prior  to  a  lethal  doae  of  whole 
body  x-irradiation  in  niee.  Ton  per  oent  of  the  oniaala  aurvived  fbr  30  daya 
whan  $0  ngn.AgB.  of  VI-1  and  100  ngeoAgA.  of  VI-3  reapectlvely  were  uaed,  A 
lower  doae  of  2$  of  VI-1  and  $0  ugft./kgao  of  VI-3  inereaaed  the  ST^ 

but  did  not  permit  any  of  the  aniaela  to  aurvive  the  30-day  poat-irradiation^ 
neriod.  VI-5  wea  achdnistered  at  three  doaage  levela  ainee  the  higheat  doae 
(200  agn.Agn.)  waa  quite  toxio  aa  evldenoed  by  the  death  of  five  of  the 
treated  nice  immediately  following  radUtion.  Of  the  five  aninala  vhioh  were 
leftf  however,  two  aurvived  fbr  30  daya.  Ho  protection  waa  aean  when  100  nga./ 
of  VI-5  vaa  admlniatered,  but  50  mga.Agv*  of  thia  oonpound  did  protect 
(105  30-day  ounrival).  Figure  3  ahowa  the  reaulta  obtained  with  theae  agenta. 

Bunte  aalta  have  been  found  to  exhibit  beneficial  effeota  againat  the 
lethality  of  whole  body  x-irradiatlon  in  e3q>erlaental  aaiiula  and  ooiqxninda  of 
thla  type  are  of  intereat  in  our  progran.  In  the  preaent  atudiaa  l-(l-pyrroli- 
dinocy^hexyl) -Methyl  thioaulfurio  acid  (UI-l),  waa  adainiatered  at  doaage 
levela  of  100  «id  50  nga./kga.  reapectlvely.  Only  the  higher  level 

waa  protective,  but  four  of  the  ten  nice  given  thia  doae  aueeuabed  Ijnadlately 
following  the  x-ray  eiqwaure.  One  of  the  four  raaaining  mice  lived  fbr  the 
30-day  period  (Figure  3). 

Sinoe  olearonee  haa  not  yet  been  obtained  for  the  next  grovqp  of  fifteen 
ooaqjounde,  the  noaea  and  atructuraa  of  theae  agenta  are  not  Hated.  Of  theae 
fifteen  ooapounda,  five  were  radioproteotive.  Pigurea  U,  5,  and  6  ahov  the 
extent  of  thia  protection  graphically. 

Figure  7  ahowa  the  effect  of  acftainiatering  an  extraot  of  high  molecular 
weight  bacterial  lipopolyaaooharidea  to  aloe  at  varioua  tinea  before  an  expoaure 
to  a  lethal  doae  of  whole-body  x-irradiation.  The  doaea,  concentrationa  and 
tine  of  adoinlatratlon  for  theae  atudiee  were  auggeated  by  the  aupplier  on  the 
baaia  of  preyioua  work  (3)  •  WL-1  waa  given  at  doaea  of  2QO  and  50 

agi.Ag^.  veapeotively  and  at  lit,  8,  and  3  daya  prior  to  the  x-ray  expoaure  oo 
that  the  reaiatanoe-lnoreaaing  aotivlty  of  the  llpopolyaAeoharidea  toward  levan- 
'  onhoaead  peritoneal  Injeotiona  in  the  nouae  might  be  utiliaed  to  ainlniae  the 
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Figura  Effect  of  glutathione  (AL-1)  and  glutathione-ascorbata 
(AL-2)  on  aurrlTBl  of  jtioa  irradiated  T^ith  700  r  of  whole-body  x-irradiation. 


Days  After  X-ray 


Figure  2o  Effect  of  VI-1  and  VI-3  on  eunrlTal  of  nice  irradiated 
with  700  r  of  idiole-bodjr  x-irradlation. 
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Plgor*  3«  Effect  of  7I>5  Bad  l»(l*pgrrrolldlnocgreloh«xyl)->4netharl 
thioanlforlo  told  (UI-1)  on  surrival  of  nice  irradlatod  with  700  r  of  whole 
bo<fy  X'lrredietloR. 
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Pigore  U«  Effect  of  PD-35  on  efurvival  of  mice  Irradiated  irtth 
700  r  of  vhole  body  x-irradiatlon., 
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Flgor*  $e  Effeot  of  PD-37  and  FD«77  on  aor/i'val  of  aiioo  irradl- 
•tod  with  TOO  r  of  wtolo«bo<^  x^lmdlatlono 


Figure  6o  Effect  of  PD-78  and  Pl>»82  on  survival  of  mice  irradi^ 
ated  with  700  r  of  whole-todjr  x»irradiationo 
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Figure  To  Effect  of  WL-1  on  earriial  of  mioe  Irradiated  with  700  r 
of  «hole-ho4]r  x-irradlation 


dtlaterious  effecfca  of  radiation  injury.  UBlng  these  experimental  conditions 
no  radloproteotlve  effect  was  evidenti  in  faot^  the  ST^n  of  the  treated  nice 
was  shortened  when  compared  with  that  of  the  control  anLnals,  and  none  of  the 
mice  survived  for  the  30-day  post-fadlatlen  period. 

Chlorophyll  (UCTL-21}  extracted  by  a  process  which  maintains  the 
natural  plant  pigment  entities  in  their  undenatured  fonn  was  tested  for 
possible  benencial  effects  against  the  deleterious  action  of  whole-bo4y 
z-irradiation.  ?br  these  studies  various  doses  of  UCTL-21  were  administered 
intraperitonaally  before  and  after  a  lethal  e3ipo8\>re  of  700  r.  Figure  8  shows 
the  results  obtained  when  10  mgm.Agm.^  20  q^n./kgm.  axtd  100  mgm.A^*  re^otive- 
ly  were  given  to  mice  which  were  subsequently  x-irradiated  ten  minutes  later. 

It  may  be  seen  that  in  one  Instance  10  ngu,/kff»»  of  UCTL-21  protected  30^  of 
the  mice  for  30  days  after  the  radiation  e3qx>sure  and  100  mgm./kffa.  of  UCTI«-21 
protected  20%  of  the  mice  for  a  similar  period.  Figure  9  shows  the  results  of 
adknlnistering  nCTL-21  after  radiation,  both  as  a  single  dose  and  chronically. 

An  innediate  post-irradiation  injection  of  10  mffto/k^o  allowed  10%  of  the 
nice  to  live  for  30  days.  When  30  minutes  elapsed  between  the  x»ray  exposure 
and  the  administration  of  the  chlorophyll,  no  beneficial  effect  was  apparent. 
Chronic  injections  of  10  m^t./ic^o  for  five  days  following  the  x-ray  resulted 
in  a  30-day  survival  of  10^  of  the  mice.  Increasing  the  chronic  dose  to  100 
mfftt/kgno  not  only  decreased  the  protective  effect  but  also  shortened  the 
lives  of  the  treated  animals o 

In  a  prerviovB  etmdy  (1)  the  control  groqp  for  a  series  of  ooaqponnds 
given  chronically  prior  to  radiation  exposure  consisted  of  ten  male  mice  given 
propylene  glycol  dally  for  four  days  prior  to  the  x-ray  exposure.  Four  of 
these  propylene  glycol  treated  mice  survived  for  30  days  after  the  lethal  x-ray 
exposure  and  since  propylene  glycol  has  only  a  very  slight  protective  effect 
whm  given  acutely  prior  to  x-ray  exposure  (IP^  or  less  for  30-day  survival), 
it  was  of  interest  to  confirm  the  apparent  radioprotective  effect  of  chronic 
administration  of  this  agent.  For  these  studies  ten  male  mice  were  given  OaS% 
of  their  body  weight  of  propylene  glycol  daily  for  four  days  and  four  hours 
after  the  last  injection  they  were  exposed  to  700  r  of  x-irradiation.  The  re¬ 
sults  of  these  studies  are  shown  in  Figure  10  where  it  can  be  seen  that  the 
protective  effect  of  this  treatment  has  been  confirmed.  It  is  planned  to  ex¬ 
tend  these  observations  end  to  investigate  the  effect  of  chronic  administration 
of  other  glycols  on  radiation  lethality  in  mice. 

2ol!ereaptoethylaniine  (MEA)  is  used  extensively  in  this  and  other  labora¬ 
tories  as  a  standard  radloproteotlve  agent.  Hlce  treated  with  this  agent  are 
Included  in  almost  every  series  of  radiation  protection  studies  to  detect  vari¬ 
ations  in  the  qxiallty  of  the  animals,  their  post-irradiation  care  and  in  the 
various  radiation  factors.  Over  the  years  the  MSA  used  for  these  studies  has 
been  obtained  from  a  variety  of  sources  and  it  was  of  interest,  therefore,  to 
compare  samples  from  several  of  these  sources  for  protective  activity.  NBA 
from  three  sources  was  used  for  these  studies  in  which  groups  of  mice  were 
given  a  relatively  low  dose  of  MEA  {22$  intraperitonaally)  prior  to 

the  adainistration  of  JOQ  r  of  whole-body  x-lrradiation.  The  low  dose  of  MEA 
was  used  for  these  etudes  in  the  hope  that  any  differences  in  protective  ac¬ 
tivity  might  be  more  evident.  The  first  sample  of  MEA  was  obtained  from  the 
General  Blochemioal  Company  and  is  a  part 'of  the  lot  which  is  currently  in 
use  for  most  of  the  programs  underway  in  this  laboratory.  The  second  san^le 
is  one  of  several  obtained  from  the  Callfomia  Blochemioal  Corporation  and  was 
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figura  6o  Effaob  Qt  ehloropfcgrll  (UCTL-Zl}  on  sarrival  of  niee 
fobaaquant]^  Irrai^latad  with  700  r  of  ahole-bodljr  x-irradlatlon. 


Figure  9.  Effect  of  chlorophyll  (UCTL-21)  on  sunrival  of  mice 
previouely  Irradiated  with  700  r  of  whole-bocjy  x-irradiation 
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fl«ur«  10*.  Effaet  of  propylono  ^yeol  on  sanrival  of  inlco  lrradl< 
otod  with  700  r  of  whole-bo47  x«>lrradlotloD. 
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svleeted  bAoawe  it  appeared  to  be  allghtlj  leea  soluble  than  moat  of  the 
other  samples  of  this  agent?  The  third  saqple  a  taohnieal  preparation  of 
KRi  obtained  from  Eastman  Kodak  Coaputy*  The  results  of  these  studies  are 
shown  in  Figure  11  where  it  oan  be  seen  that  60%  of  the  miee  treated  with  the 
Qeneral  Bloohsnioal  Company  sasple  of  MEA  sut^vad  for  30  days  after  the  radi¬ 
ation  eoqiMsur^  whereas  only  10^  of  the  animals  treated  with  the  sample  obtained 
froB  California  Bioohenieal  Corporation  surrlved  for  a  similar  period.  There 
were  no  sunrlwors  in  the  group  of  mice  which  were  treated  with  the  sane  dose 
of  MEA  obtained  from  Eastman  Kodak?  Since  -  animals  treated  with  each  of  the 
three  samples  of  MBA  were  irradiated  stmultaneouslyf  it  is  unlikely  that  these 
differences  can  be  attributed  to  variation. ih  the  radiation  dose?  It  is  also 
unlikely  that  the  differences  are  due  to  variation  in  the  animals  since  the 
mice  ware  all  selected  from  a  sli^le  shipnent  and  were  housed  together  follow¬ 
ing  the  radiation  exposure?  We  have  previously  obtained  protective  effects 
with  the  samples  of  KEA  obtained  from  California  Bioohenieal  Corporation  and 
Eastaian  Kodak  when  they  were  administered  at  liigher  dosage  levels  so  that  the 
samples  are  not  simply  mislabelled.  No  attempt  was  made  to  purify  any  of  the 
three  samples  used  for  these  tests  and  the  results  probably  reflect  the  differ¬ 
ences  in  parity  between  the  oamplee? 


Summary 

The  present  report  oontains  the  resxilts  of  toxicity  and  radioprotective 
evaluation  studies  on  thlrty<^four  additional  cheailoal  oonpounds  in  male  CF^^  alee. 
Eleven  of  these  compounds  were  found  to  exhibit  significant  radioprotective  ac¬ 
tivity  in  that  they  reduced  the  30^ay  mortality  of  the  x-rayed  mice?  The  most 
marked  effect  was  obtained  with  P]>*77  which  allowed  60%  of  the  mice  to  survive 
for  30  days  after  an  otherwise  lethal  x-ray  ejqposure?  Two  compounda  protected 
liOK  of  the  mice  in  a  eimllar  manner.  They  were  VI-5»  a  blguanide  derivative  of 
Fhenfomln,  and  PDc37o  PD-35  protected  20^  of  the  x-rayed  animals  against  ths 
30-day  mortality  and  a  bunto  salt,  l-(l-pyrrolidinocyclo'nexyl)-methyl  thlo- 
sulfurlc  acid  (UI-1),  protected  17i<o  Ths  rest  of  the  compounds  found  to  be  ef¬ 
fective  in  these  teats  produced  a  30-dBy  survival  of  10^  of  the  mice  given  the 
whole-body  x-ray  exposure  of  700  r?  These  conqxmnds  werei  glutathione  prepa¬ 
rations,  AL-1  and  Al-2)  Phenfomin  derivatives,  VI-1  and  VI-3J  and  PD-78  and 
PD-82? 


An  extract  of  high  molecular  weight  bacterial  lipopolysaocharidae  was 
adninistered  to  mice  at  various  times  prior  to  a  lethal  dose  of  x-ray  using  two 
different  dosage  levels?  No  protection  was  seen  with  any  of  the  treatments  used? 
An  extract  of  chlorophyll  was  adtoinlstered  acutely  before  and  after  and  chroni¬ 
cally  after  an  otherwise  lethal  dose  of  whole-body  x-lrradlatlon.  Premedication 
with  this  materiel  was  effective  in  protecting  30%  and  20^  of  the  mice  for  30 
days  when  adninietered  at  dosaga  levels  of  10  mgn?Agme  and  100  mgyi./kgpia  re¬ 
spectively.  The  poet-treatment  was  effective  when  10  mgm./kg^,  wae  given  either 
iimnediataly  foUo^ng  the  x-ray  e^qpocure  or  when  it  was  given  chronically? 

Propylene  glycol  waa  given  chronically  for  four  days  prior  to  700  r  of 
vhols  body  x-irradlation  and  found  to  be  protective  to  of  the  mice  so  pre¬ 
treated. 


Meroaptoethylmaine  hydrochloride,  obtained  from  three  different  sources, 
was  ooegMired  for  radioprotective  activity?  Sixty  per  cant  of  the  animals  given 
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Plgor*  11.  Comptrlcon  of  tbf  rolatlTO  rsdloprotootivo  aetlTlty  of 
throo  lamploa  of  2HBoroaptooUi3rljnido  (MEl)  agalnat  radiation  lathallty  In 
(7^  HBla  nioa. 
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th*  eoaqpound  obt«ljMd  from  Oonsral  Bloehemioal  were  protected  against  the 
lethal  x-ray  expoimre  while  the  onnpoimd  obtained  from  California  Bloehemioal 
protected  ntly  10$  of  the  mice  and  the  Eaatean  Kodak  product  exhibited  no  pro- 
teotlTe  aotlrlty. 
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FHARMUCGLOOICAL  AHD  TOXKOLOaiUL  COHFOimiG  AS  FBQTBCTIVE  CB 
THERAFEUTIC  AGEHTS  AGAINST  RADOULTION  INJIBI  IN 
EXFERIMEanAL  ANIMAIS 


II«  T!y  Eff^ta  of  Pr««lrradl>tl<a  and  PMt"^adlatiw  Acfalnj^tratlop 
of  Oyinid<  and  dtbi»r  tiwpoundB  on  ftadlaticp  in  Mioe 

Jo  OiUagr  and  Jo  .Donll 


Th^  rtport  oenoeraai  Tho  survl^  tlna  and  mortality  in  male  and  fe¬ 
male  CP]^  iii£oe  ireated  with  yaiylng  doses  of  oyanide  prior  to  vhole-bo<^  x-ray 
exposure  and  the  therapeutic  effeotivenese  of  cyanide^  2-lnlno-thlaBOlldlne- 
U-oarboxyllo  acid,  l-cystlne,  l-cynteine,  potassium  chloride  and  2,2'-dithlo- 
hls  (ethylamlne)  given  30  mlmtes  after  lethal  whole-body  x-ray  exposure  in 
nice. 


iMMdiate  or  ultimate  application  of  tee  results  i  To  obtain  Infor¬ 
mation  concerning  the  meohanismsls)  re^xmslble  for  the  radioprotective  effects 
of  oyanide  and  related  ooi^munds  and*  as  a  result,  to  obtain  a  better  under¬ 
standing  of  the  biological  effects  of  Ionising  radiations.  These  studies  con¬ 
stitute  a  part  of  a  program  desigxMd  to  obtain  information  concerning  both  the 
toxic  and  protective  effects  of  the  currently  available  radioprotective  agents. 
This  type  of  Infomation  Is  essential  for  the  evaluation  of  tho  potential  use¬ 
fulness  of  these  agents  and  for  the  develoiment  of  new  agents  or  combinations 
of  agents. 


*****•*#* 

In  previous  studies  (1*2)  we  have  desionstrated  that  cyanide  will  pro¬ 
tect  mice  against  lethal  <josea  of  whole-body  x-irradiatlon  when  given  at  dosage 
levels  approaching  the  maximum  tolerated  dose  immediately  prior  to  the  radiation 
expOBura.  In  these  studies  It  wae  also  observed  that  a  natural  metabolite  of 
cyanide  (2-liBino-thla2olidins-U-oarboxylio  acid)  appeared  to  exhibit  therapeutio 
effacte  agalnat  radiation  lethality  when  It  was  given  30  minutes  after  radiation 
a:q>osure.  These  observations  have  been  extended  and  a  variety  of  other  possible 
metabolites  and  unreacted  products  have  been  tested  for  therapeutio  activity 
against  radiation  lethality  in  miee  and  tha  results  are  presented  in  this  rs- 
port. 


Materials  and  Methods.  Adult,  male  Carworth  Farms  CP-i  mice  weltfiing  be¬ 
tween  20  and  UO  grans  and  adult,  female  Carworth  Farms  CFj^  mioe  weighing  between 
20  and  2$  grams  were  used  for  these  studies.  The  control  and  eoqperijaental 
animals  were  selected  from  single  shlpsients,  housed  in  groups  of  not  more  than 
ten  animals  per  cage  in' an  alr-oonditloned  room  (70°  to  85*^  F.)  and  fed  and 
watered  ad  libitum.  Aqueous  solutions  of  the  compounds  were  freshly  prepared 
Just  prior  io  use  and  were  injected  intraperitoneally  in  a  volume  which  did  not 
exoeed  IJt  of  the  body  weight. 
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Ths  X‘»r«]r  axposurei  ii«r«  glwn  msana  of  a  Kelekat  X^ray  Therapy  unit 
operated  at  2$Q  KVP  and  15  aato  with  1«0  nm.  of  aluminun«  0o2$  nte  of  ooj^r  and 
1«0  ea>  of  luoite  added  filtration.  The  doae  rate  waa  determined  prior  to  eaoh 
e3QX>eare  by  meana  of  a  250  r  Viotoreen  Zoniiatlon  Thloble  in  air.  All  of  theee 
atudiea  were  carried  out  at  a  doae  rate  of  about  235  r  per  minute  to  Inaure  that 
the  Irradiation  period  would  be  aa  short  aa  possible,  ^th  the  control  and  the 
treated  animals  were  irradiated  siaultanaously  and  the  weight  and  mortality 
within  each  group  was  followed  for  30  days  or  until  the  death  of  all  of  the  mice 
in  eaoh  group  had  ooourred. 


Results 


Deterainatl^  of  the  optimal  dosage  level  of  cyanide  for  rnaadm^  radio* 
proteotlTe  ei*fecte  in  male  and  faautle  mioe.  fe  preri^  studies  it  was  ob»» 
served  thai  an  Inoreaaed  radioprotective  effect  (greater  number  of  30-day  sur- 
vivora)  waa  obtained  whan  the  dosage  level  of  oy^de  (as  1X91)  was  increased 
from  2.0  to  2.25  m^aa/kgm.  It  was  of  interest,  therefore,  to  determine  whether 
the  protective  effect  of  this  agent  could  be  further  increased  if  the  dosage 
lev^  was  increased  to  near  the  L]Vq  level  for  cyanide,  for  these  coqperimants 
mups  of  ten  animals  were  Injectec  with  2.25,  2.50  or  2.75  mge.As7>o  of  cyanide 
(as  HCN)  fcmr  minutes  prior  to  the  adtainistration  of  various  doses  of  whole-bod^y 
x-irradiation.  The  control  animals  for  these  studies  were  given  oomrarable 
amounts  of  the  vehicle  (water) .  Potassiiaa  cyanide  (Nallinkrodt,  96^)  waa  used 
for  these  studies  and  the  agent  was  given  intraperltoneally  in  a  volume  equal 
to  l;S  or  less  of  the  body  weight.  The  results  of  these  studies  are  shown  in 
Pigores  1  throuigh  8.  The  effect  of  the  various  doses  cf  cyanide  on  the  sur¬ 
vival  of  x-lrradiated  female  mice  are  summarised  in  figures  1  through  li  axid 
the  results  of  sisiilar  studies  in  male  mice  are  shown  in  figures  5  through  8. 

It  OSD  be  seen  in  figures  2,  3,  and  It  that  the  greatest  number  of  anlxmls  sur¬ 
viving  the  lethal  xwray  exposures  were  seen  following  the  administration  of 

2.25  mga.Affi.  of  cyanide.  At  this  dosage  level  75^  of  the  animals  soposed  to 
900  r  survived  for  30  days  after  the  x-ray  axpoeure  whereas  only  25??  of  the 
mice  given  2.5  mgm./kgm.  of  cyanide  survived  for  a  similar  period.  The  female 
mice  treated  with  2.75  m^Q./lqpt.  of  oyanide  prior  to  the  900  r  x-ray  eaq)Osure 
axhibited  a  30-day  survival  of  only  12.5??.  In  contrast  to  these  resulte,  the 
maximum  radioprotective  effoot  in  male  Cf^^  mice  exposed  to  lethal  doses  of 
wholt-bodr  x-irradlatlon  occurred  whan  the  cyanide  was  given  at  a  dosage  level 
of  2.5  m^i.Agn.  In  the  mice  given  ^0  r  of  whole-body  x-lrradlation,  there 
was  a  30-day  survival  of  40??  in  the  grovp  protected  with  2oSO  rngmoA^i.  of 
oyanide  whereas  tho  adninistratlon  of  2.25  or  2.75  m^a./kga.  of  cymalde  prO'- 
duoed  30-day  survivals  of  only  20??  and  0??  respeotively.  idthough  the  differ¬ 
ences  In  optimal  dosage  level  for  the  male  and  female  animals  are  not  marked, 
it  appears  from  these  studies  that  the  optimal  radioproteotlve  dosage  level 

of  cyanide  Is  somewhat  greater  in  male  than  in  female  mice.  We  have  previously 
shown  that  the  approximate.  for  oyanide  in  male  and  foaale  mioe  is  about 

3.25  mfpto/kgao  (as  HCN)  and  thib  there  is  little  difference  in  the  toxicity  of 
this  agent  to  male  and  female  Cf]^  mice.  It  is  evident  from  the  present  studies 
that  the  radioproteotlve  effect  of  oyanide  is  not  directly  proportional  to  the 
administered  dose  of  cyanide  when  doses  near  the  LO^q  are  employed.  None  of 
the  snimsls  given  the  cyanide  in  the  present  studies  died  as  a  result  of  oyanide 
toxlolty. 
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rxgan  lo  SonrlTsl  tim  and  aortallty  in  CF^  foul*  aloa  aqpoted  to 
vnrl'xw  desM  of  «liolo«tO(l^  x-lrrodlatlODe 
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Flflora  6«  terrlvsl  tlat  and  aartalltgr  in  GFi  nala  nlo*  gtvn  2.25 
npi.Avi«  of  ogmids  prior  to  itao  oteinlotratlon  of  ^rlooo  dooo*  of  nliolo- 
be4f  i^lmdiation* 
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Flgor*  7*  Sarrina.  tlM  and  aorUli^  In  GFi  mIm  given  2.$0 
aViuAiP*  of  oanide  prior  to  tte  oMbiiotrotlon  of  varlooa  doooo  of  idiolo- 
to^  s-lrrodUfclOD. 


6U 

ExulnatlOB  of  tho  oonrliol  data  for  the  male  and  fnaala  nleo  glran 
tba  optlnal  deaaeo  levala  of  egraidde  in  the  present  etadiea  aoggeata  that  the 
approxlnata  LOgo  (30  daya)  for  idiole-te^jr  z-rajr  oxpoeure  in  theao  anlnala  le 
abont  9$0  r.  rron  other  itadlee  ocndoeted  nlth  aladlar  grovqpo  of  anlnala  the 
U)go  (30  day»)  for  nntreatod  CP|.  nice  la  betnaan  h$0  r  and  500  r.  It  la  erl* 
dent,  thartiforof  that  the  done  rednetlon  faotor  (IBF)  fDr  eyanlda  under  optinel 
eondltlona  approaehaa  2  In  CP^.  idoe  and  that  Ita  affeotlraneaa  thna  la  ooaqpara* 
bla  with  that  of  the  boat  dhaadoal  radloproteetlaa  aenta  nov  auallabla* 


affy^  of  poat»li^dlatioo  a<hdnlatratlcn  of  2»inlno«t^aelldlne'" 
U-earbeay^lc  a^d  and  r^tod  ea^c^a  on  the  aurrlTal  tine  of  nale  and  iBBTe 

x-rjiBraJ  wloa.  3lnee  !il-inino«thlaiwildtne^-oa?BMarlie  aeld  hae  bean  ehown  (3) 

to  M  a  mtural  netabollte  of  epanldaf  It  uaa  of  Interaat  to  Investigate  this 
ooopound  for  radioproteotlva  activity*  m  provloua  studlea  (1)  ae  found  that 
tha  pra*lrradiatlon  adnlnlatration  of  the  thlasolldlne  derivative  at  a  doaage 
level  equivalent  to  about  50  npi.Av**  eyanlda  Inereaaod  the  30-day  aurvlval 
of  z-raTud  nlee  fron  OJE  to  aa  nueh  aa  605.  ^  The  optlanl  tine  for  artalnl storing 
the  thlaaolldlne  derivative  naa  ibund  to  bo  30  nlnutea  prior  to  the  radiation 
axr-osure.  During  those  atodlea  It  also  heoaaw  apparent  that  this  eoaqwund  ez- 
hlblted  the  unique  oqtability  of  protecting  nice  against  the  lethal  offaota  of 
radiation  axpoaore  triian  It  ana  glvan  after  tha  aoqsoanre  was  ooa^leted*  Snboo- 
quent  atodlea  (2)  denonatrated  that  tha  Interval  between  the  and  of  the  radiation 
exposure  and  tha  a<>ilniatratlon  of  the  thlaaoHdlae  nlxtnre  was  fairly  critical 
In  that  preteotlvo  effeota  wore  nairlnnn  at  30  nlnutea  and  decreased  sharidiy  idien 
tha  darivativo  waa  glvan  at  either  1  or  60  nlnutea  after  the  radiation  was  ad- 
nlnlsterad*  Tha  ability  of  this  conpound  to  reduce  radiation  lethality  whan 
given  poflt-lrradlatlon  has  been  Investigated  further  in  famalo  anlnala  and  also 
In  nale  mica  In  the  present  studjr*  Since  the  thlsaolldlne  conpound  has  not  aa 
yet  bean  Iselated  and  purified,  the  possibility  oannot  be  excluded  that  the  pro- 
tectlvs  effects  obtained  with  the  lagxire  naterial  used  were  due  In  part  to  un- 
oonblned  reactants  or  to  the  foxnation  of  other  products*  To  Investigate  this 
possibility  we  have  adhlnistered  cooiparable  anounts  of  oyanlde,  cystine,  po- 
taaslun  chloride  aid  eysteina  to  x-irradlated  nice  at  various  intervals  foilew- 
ing  the  radiation  exposure*  Sinilar  studlea  have  also  bean  carried  out  with  the 
dinar  of  nareaptoethylaaina  because  of  its  structural  sinllarlty  to  both  the 
reactants  and  products  involved* 

Tho  effect  of  2-inlno-thiaBolldine-U-oarbozyllo  add  given  30  minutes 
after  radiation  exposure  on  tha  survival  tiaie  and  aortallty  of  x-rayad  faaule 
and  nale  nice  la  shown  In  Plguras  9  through  12»  For  these  studies  tha 
2-inlne-tlda80lidtna-lt-earbozylie  acid  was  prepared  as  daaeribed  previously 
(1,2)  and  waa  given  at  a  dosage  level  of  750  (aaaunlng  a  oonplata 

reaction  between  oyanlde  and  cystine  In  a  1  to  2  noltr  ratio)  Intraperitonaally. 
Mala  or  faaMla  nloa  (16  aninals  per  grovq>)  .were  exposed  to  each  of  the  various 
radiation  dosage  lavds  and  30  aimtas  later  half  of  tha  anlnala  wars  Injaetad 
with  tho  thiasolidlna  niztura  and  tha  rsnalning  nloa  given  ooaqporable  anounts  of 
water*  Tha  results  obtained  with  the  fonale  nice  are  shown  In  Flguras  9  and  10 
and  those  for  tha  nala  nice  are  shown  in  Figures  11  and  12*  Although  tha 
thlaaolidlna  niztara  la  not  as  proteotiva  whan  given  after  tha  z*ray  Mqwsure 
aa  whop  given  prloy  to  tha  Irrad^tion^  thspe  was  a  algnifloant  tharapautio  af¬ 
fect  In  tha  g|mpa  of  apinals  given  o>oh  of  tha  radlatipu  desaga  lev^  tha 
range  of  500  r  through  700  r*  It  la  aarldnah  Ifon  thsae  studlas  that  tha  pest- 
Irradlstion  adMLnlstritloa  the  thiaacilldlna  nizbura  Increased  tha  UD^  for 


rigor*  9e  aonriiol  tiao  aod  aorUlltx  in  CTj^  fault  aieo  aqpoaod 
le  voriow  doooo  of  wliolo<4)0^  s-irrodiotimu  (Tho  anabors  In  poroathoou 
indieotii  tlw  aaabor  of  onlaol*  par  gwop*) 


Flgnr*  lOc  Sanrlwl  tlM  and  aortolitar  in  (7i  fwala  alea  givan  750 
WuAvi*  of  2>liiliio«thiaieUdix)«-li-o«fbax7llo  aoid  3o  ■inat—  after  tba  ad« 
MniatratieB  of  irarloaa  deaaa  of  vliola«te<l^  x-lrradiatloa.  (Tha  a— dbara  tn 
parwthaaaa  indioate  tha  utebar  of  aniaala  par  groop.) 
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near*  11.  8anrl'««l  tla*  and  aartalltgr  In  CP^  aala  nioa  «poMd  to 
Torloao  dWM  of  «lwlo-te4r  x-lmdUtlon.  (Tho  noabero  In  pormtUooM  Indl- 
ooto  iho  n—har  of  anlwala  par  groqp*) 
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Figure  12.  SurvlTal  Uae  and  aurtalltgr  in  CFn  nul*  niee  gt?Mi 
7$0  npuAfi*  of  2«iKin»*thiaaelidii»-4t^rbeiigrli«  and  30  ainatM  after 
the  etMniatratieD  of  eerioee  doeee  of  vbole-bcktir  Xi4.rradietiflB«  (Tbe 
nwdiire  ia  peientheoee  indioete  the  aadb«r  of  eaiaele  vied  in  eeeh  grevp*) 
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x«ngr»d  full  mio*  froa  Ims  than  $00  r  to  about  600  r  girlng  a  doao  rodoetlon 
factor  of  ouar  1«2.  In  tha  aalo  aleo  gluan  tho  thiaaolidiao  alxturef  tha  pro- 
toetluo  affeota  woro  loaa  avidant  (Fifuroo  11  and  12).  Althonih  tha  nuObar  of 
30-dagr  aonrlaera  waa  Inoroaaad  bgr  about  20jt  in  tha  group  of  anlaala  glaw  $00  r 
and  auhaaquantly  troatad  vlth  tha  thlosolidlno  alxturs,  llttlo  or  no  protootion 
wua  obaaruad  in  tha  aniaala  aaq>oaad  to  tha  hlghar  radiation  doaoa.  Tho  ualaa 
uaod  for  thaaa  atudioa  vara  largo  (ooar  2$  gnaw)  and  voty  likaly  dooalopod 
aoaM  aiMada  during  tho  x-ray  oxpoouro  baoauao  of  tho  oonfinoaaiit.  Additional 
atodlao  aro  in  prograaa  uai^  anallor  nalo  nieo  and  a  widor  apaetroa  of  radi¬ 
ation  dooaga  loralaa 

m  prorlona  atudlaa  la  whloh  oyanida  haa  bean  uaad  to  protaot  nloo 
againat  radiation  lothallty,  It  haa  boon  obaanrad  that  uhan  tho  x-ray  oq)oanra 
la  gluon  rapidlar  (600  r  par  ninuto)  tho  ajaptoaa  of  anoxia  (oyanooiOf  ra^ra- 
tory  doproaalon}  do  not  roaoh  narlnnM  until  after  tho  x-ray  axpoaura  ia  ouer. 

It  waa  of  Intaraat,  tharaforo«  to  invaatigate  tho  affaot  of  eyanldo  giaon  at 
uarloua  intonrala  after  tho  radiation  expoaureo  Oroupa  of  eight  f  anal  a  nlea 
ware  uaad  for  thaaa  atudlaa  In  whloh  2.$  wpto/kfftc  of  coranlda  waa  addnlatarad. 
at  1,  lOf  20,  30,  IP,  $0,  or  60  alnntaa  after  an  x-rigr  a^aura  of  TOO  r»  Two 
additional  groupa  of  nice  ware  glaan  the  aMo  doaa  of  x-ray.  (hio  of  thaaa  waa 
gluon  water  rathar  than  tho  eyanldo  and  aaruad  aa  tha  eontrol  group  and  tha 
aaeond  group  waa  gluan  tha  oyuddo  traatnant  at  four  ninntoa  prior  to  tho  x-ray 
aoqpoaura  to  Inaura  that  tho  oyanida  doaaga'laual  uaad  In  thaaa  anlnala  waa  pro- 
taetiue.  Tho  raaolta  of  thaaa  atudlaa  aro  aunnarlaad  In  Figure  13*  Tha  oiUy 
group  of  aloo  whloh  oahlbltad  30-day  aunrluera  idian  tha  eya^da  waa  gluan  after 
tha  x-ray  aopeauro  waa  tho  group  traatod  at  30  ninutoa  after  Irradiation.  Uhan 
tha  oyanida  waa  gluan  prior  to  tho  x-ray  axpoaura,  all  of  tho  moo  aurvluad  tha 
x-ray  oxpooure.  Soueral  of  tho  groupa  whloh  woro  traatod  at  other  Intoruala 
after  the  x-ny  axpoaura  oxhibitad  aeno  prolongation  of  tho  nadian  aurrlual  tino 
but  thia  waa  rathar  uarlabfta  and  did  not  appear  to  bo  ralatod  to  the  tino  of 
a<talniotratlon. 

In  aa  effort  to  dotarwlne  idiothor  poat-irradiaticm  thorapeutio  affeota 
night  be  obtained  with  any  of  tho  other  roaetanta  or  produeta  of  tho  tMoaOli- 
dlao  mxtaro,  grorqw  of  eight  nalo  nieo  woro  ^uan  1-mtlnd  ($60  npiaAipi.), 
l-eyatolaa  h^roehlorlda  (280  ngB.Av>*)>  potoaaiun  omerido  (370  npB.A^«)« 
or  2.2* -dlthlo-bla(atl7lano  anino)  dihy^dhlorido  (300  apa.^^B*)  at  30  ninntae 
following  tho  adhdnlatration  of  x-ray  doaoa  of  $00  r  thrc^  TOO  r.  The  roaulta 
of  thaaa  atudlaa  aro  abown  In  Figurea  lU  through  17*  Siaeo  thooo  atudioa  wore 
carried  out  at  tha  .aano  tine  aa  thoao  preuleai^  daaerlbad  for  tho  thlaaoUdino 
alxturea,  tha  control  anlnala  for  tho  thlaaoUdino  groupa  were  not  rapaatod.  It 
oan  bo  aaan  that  none  of  tho  aganta  iaelndad  in  thaaa  toata  oxhibitad  algnlfleant 
therapentio  affeota  againat  ra^tlon  lethality  in  nalo  CFj^  nieo  under  tho  eon- 
ditiona  of  tho  praaant  atudioa. 


Dlaouaaioii 


Tho  roaulta  of  tha  atudioa  ropertod  hare  ooneamlng  tha  optinal  doaa  of 
gyanldo  tint  afforda  protootion  at  higher  doaea  of  x-ray  la  of  Intoraat  In  regard 
to  tho  peaalblo  noehanlnu  of  oyanida  protaetlon.  Tho  ptutaetluo  affaot  of  oyapldo 
ia  froqMntly  oenaidafod  to  be  duo  to  tho  anoxia  whleh  It  produooa.  If  thia  wopa 
tha  ae|o  naohafitm  of  ppotaotlon  thap  it  wopld  aofn  roaoonablo  to  oaqpaot  that  tha 
gpaatar  tha  doao  of  oyanida  the  greater  would  be  the  protootion  afforded. 


Fljpir*  13*  Sorrlwl  tim  and  ■ortalltgr  in  CT  fwla  hIm  git 
2*$0  B0kApi«  of  «grMld«  at  irariew  iina  latanrala  aftar  tha  adainlatration 
af  700  r  af  ahola-to^  »4rradlailen* 


Flgor*  15o  Sunrlral  tim  sad  Bortality  In  CF*  Mli  alo*  glvm  2B0 
-oF  l>o]rat«lna  hgrdroohlQrld*  30  ninutn*  afinr  th*  adninlatratioa 
of  TMrlooa  dosos  of  wholo-bodF  x**lrradlailOB. 


P«r  Cent  Survive 
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?igur«  17  o  Sunrlval  tl**  and  mortality  In  CF,  molo  mice  glroo  3t0 
moi.AfSB*  OF  2,2'-dithlo-bl«(eth5rl«»*  amir*)  dihgrdrocBlorl^  30  mirot** 
a^r  th*  a^lnlatratlon  of  rariou*  doae*  of  vhol*>body  x-lrradiatlono 


n 

OltlMUlj  thmi,  OM  Might  Mill  MipMet  a  MinlMOM  iMthal  dot*  ^.ejwiidi  to  bo 
wpiolly  oo  protoetlMo  ofilaat  tbo  lattel  offiooto  of  tmdiotlaB  «•  io  tiM  muI* 
MM  toloroblo  aMonat  of  MModa  aSoao.  Bohovot,  la  tho  praoit  «>p«Hanto  it 
aoMM  that  tho  optlaal  dMO  of  oiaaida  la  owoMhat  halair  tha  hMimi  lotlHl  doaa 
and  Ihrthflnaora  that  tha  paataoUva  affoota  on  partially  laat  at  hitfior  dooao. 
Zt  io  not  anlikaly  that  oataooaiva  aaeoata  of  oQraoida  eonld  ba  dotrlaoBtal  ta 
a^porlMtal  anlMola  and  thia  haa*  la  faot»  boon  aaggaatad  by  Van  Dor  Hoar  at 
(It)  aa  a  roaolt  of  tholr  atndiao  la  ritro.  Boaovarf  thagr  Ibrthor  onggaafail 
twt  tho  protoetlro  naohonian  waa  threoi^  Via  aaeoda  proaMt  iMooiHotoly  aftor 
tha  irradiation  poriod.  Vo  bava  not  boon  abla  to  imr  thia  in  aioa  whleh  aaro 
iajoetad  Innodiotoljr  aftor  tho  oapaaara  to  TOO  r  of  idtbXa«bo4)r  x»roj*  fbrthor 
atadlaa  aro  plannad  to  aoa  if  wo  aaa  daneoatrata  any  prolaetion  by  prodoeiag 
aaooda  la  aioa  Jdot  at  tha  muI  of  thoir  oMpoaaro  to  lathol  doaoa  of  x-irradi- 
atloa. 


Iho  roaolta  of  tho  proaont  atndiao  aopport  our  {UMvioua  finding  (1) 
that  oyaaido  nay  offor  aona  protoetion  whan  adalniatorod  to  nieo  at  an  intorval 
of  30  Mtnatoa  aftor  o^>ooaro  to  lothal  doaoa  of  wholo-bo^y  x-ray.  in  a  proriona 
ropert  (2)  «a  proaontod  orldaMO  that  2-laino-thiaaolldlna4t-carboxylio  aeid  waa 
alao  offoetiwa  whan  giwan  30  nintttoo  aftor  wholo-bodtjr  x-ray>  and  tho  atndiaa 
proaontod  In  thia  roport  aopport  thia  finding.  Zt  would  mom  than,  that  thia 
la  aa  offoet  whloh  oeeura  at  a  rathor  apoolfle  tlMo  in  tho  aoquonoo  of  oranta 
fOllowiag  irradiation  aqwauro  whleh  looda  to  tha  daniao  of  tho  aninal.  Thia 
eritloal  tino  poriod  night  w«ll  bo  roaponaibla  far  anoh  of  tho  diffieulty  that 
othora  hawa  axporioneod  (6)  in  an  offbrt  to  find  thorapautie  agonta  againat 
lathol  doaoa  of  radiation. 

Tho  poaaibility  oxiata  that  tho  thorapoutio  protection  obtalnod  thua 
fir  ia  Moatly  of  a  poUlatlwo  nature.  aowovor»  tho  protootlon  obtained  with 
eyanido  and  T-lnlao-thiaiolidino-tt-oarboxylle  aeid  would  aoam  to  bo  noro  ehanl- 
eid  than  blologioal  ainoo  tha  tlM  Intor?^  botwoan  irradiation  and  injaotion 
of  tho  eowpound  ia  ae  apooifio.  furtherMore,  by  waiting  for  an  additinoal  30 
nlnutoa  all  of  tho  pretoetiro  offaota  are  loat.  Thoao  flndinga  anggeat  that  it 
night  bo  of  value  to  Invoatigato  thoao  onayao  ayatana  which  aro  roaponaivo  to 
tha  proaoneo  of  oyanido  or  involved  in  ita  dotexifioation.  At  proaont  we  aro 
oondMtlng  atudioa  on  tho  tranaaulfbraao  anayno  ayatcaif  whleh  ia  Involvod  in 
tha  Major  dotoxifieaticn  of  cyanide.  It  ni^t  alao  bo  of  partloular  intoroat 
to  again  invoatigato  thoao  aroaa  in  tho  olaetron  tranaport  chain  idiioh  aro 
partieularly  aonaitivo  to  eyanido  inhibition,  and  aKporinenta  aro  now  planned 
idiieh  ahould  anablo  ua  to  do  thia. 

In  tha  preparation  of  tbo  2-lj>ino-thiaBolidino-If>carboxylio  aeid  for 
thoao  atudioa  ^  eoapound  waa  not  purified  before  uao.  Thoroforoi  other  eon- 
pounda  wore  no  dedbt  proaont  in  tho  injootod  aolution.  Zt  ia  far  thia  roaaon 
that  wo  inoludad  aevoral  of  thoao  other  oonpounda  in  tho  proaont  teat.  In  tho 
original  atudioa  of  thia  roaetion  Sehoborl  and  Hunt  ($)  obtained  a  yield  of 
tha  ealealatod  anount  if  tho  roaetion  wore  '3JX%  oonploto.  Later  atufttoa  by 
Wood  mad  Coolay  (3)  roaultod  in  a  66ljl  yield  but  with  a  oontanination  by  the 
fonaation  of  aoaw  eyatoino  and  in  aeid  aolution  tho  focmation  of  oyatoino 
bydantoin.  Vlhilo  our  prinoipal  eentaainanta  wore  probably  eyatino  and  oyatoino 
wo  havo  now  proeoodod  with  the  purifioation  of  tbo  eoapound  in  order  to  verify 
that  thia  ia  the  active  agent.  FTom  tho  roaulta  idiieh  wo  obtalnod  with  eyatino, 
eyatoino,  end  KOI  it  aoona  hi^^ily  unlikely  that  they  oontributod  anything  to 
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tiM  ■orvlvil  «f  tlM  pe«t-f>rotMt«d  ulaila*  Whlls  thm  wmy  b«  wem  post- 
pretMtloa  affordad  tgr  ailiuBlda  it  ia  n»i  llkalar  that  than  waa  a  aofflolant 
qaaatity  praacat  baeaaaa  of  tha  radoatlon  la  toxloitgr  of  tha  slartnro*  Tha 
Mlt  dlaar  waa  Inaladad  la  thla  aat  of  nparlBaata  to  aoo  If  tha  proaanoo  of 
a  dlnlfido  voald  doBonatrata  aagr  piotaetloB  aadar  thaao  aRparlaaatal  eoa- 
dltioBo.  Pyurthar  atadlaa  ara  plianad  or  art  la  pregrooa  la  aa  affort  to  do- 
tandaa  tha  aaaaltioo  alta(a)  alwrt  tha  thiaaoUdiaa  aay  bo  aetla«  to  prodaoo 
thla  tharapaatlo  affaot* 


1.  Aa  optiaal  doaa  of  potaaoloa  ograaldo  aqoal  to  2.25  avuAso*  of  HO  aad 
2,50  apa«/kpi*  aa  HCi  haa  baao  fooad  to  afford  aarlana  protaetloa  agalaat 
hidhar  doaaa  of  x-ray  la  fbaala  aad  aalo  OP.  aiao  roapootlraly.  Hl^r 
bat  aon-latbal  doaaa  oaaaad  to  oaooa  dialaufClon  of  tha  pretaetlva  affaet. 

2*  Aa  mvorlflad  alxtora  of  2-laino-thlaBolldloa>^«oarb03iylle  aold  haa  boon 
ahoim  to  protaet  f  oaala  CPi  aloa  agaiaat  lathal  doaaa  of  idiela>^ibo4y  x-ray 
Bid  tha  4>paroat  doaa  rodaotioa  footer  la  abevt  1*2  baaod  oa  thaao  atadloo. 
Parthor  atadloo  are  la  pregraaa  la  aa  effort  to  datomlaa  the  aoolMnlBi(a) 
roapoealbla  for  tha  offoot. 
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FHAnttCOLOQICAL  AND  TOX^ICOICAL  COriPODHDS  A8  PROTECTIVE  OR 
THEBAFEUTIC  AGENTS  AGAINST  RADIATION  DUURI  IN 
EEPERD-IENTAL  ANOtAIS 


III«  Th«  Effaet  of  Choaioal  Protection  on  Life-Span  Shortening 

- CTTiraaS^rUCe -  - - 


Jo  DouU,  T*  Flsak  and  Jo  Conan 


.  Thin  report  «»eemat  Lifo-apan  shortening  and  other  delagrad  effects 
In  fasale  CFi  nca  given  Tarious  chaaical  radioprotective  agents  prior  to 
acute  whole-obdjr  x-ray  exposures  of  tiOO  r,  600  r»  and  800  ro 

BsMdiate  or  ultimate  application  of  the  resultst  Infonaatioo  is 
nseded  regarciing  ihe  effects  6l^  dtenical  radioprotective  agents  on  the  de¬ 
layed  sequalae  of  acute  radiation  exposuro«  Since  different  radioprotective 
agents  exhibit  significant  variation  in  their  ability  to  prevent  the  various 
phases  of  the  acute  radiation  ayndroM«  it  is  likely  that  they  also  exhibit 
differences  in  their  ability  to  prevent  the  various  delayed  effects  of  such 
SKposure.  A  better  understanding  of  the  capability  of  each  agent  to  protect 
against  both  the  acute  and  deigned  aapects  of  radiation  injury  should  be  of 
value  in  the  selection  of  agents  for  further  investigation  and  ahould  con¬ 
tribute  substantially  to  progress  in  elucidating  the  aechanlans  responsible 
for  these  effeetso 


«««««««« 

Virtually  all  of  the  extensive  effort  which  has  been  devoted  to  the 
devalopBMnt  of  chsmieal  radioprotective  agents  dbring  the  last  decade  has  been 
concerned  with  preventing  radiation  injury  during  the  ijraediate  post-irradiation 
period,  from  these  studies  it  is  now  apparent  that  there  are  both  qualitative 
and  quantitative  differenoes  in  the  response  of  the  various  aaimlian  systesw 
in  anlnals  given  radloproteetiire  agents.  Although  these  differences  nay  be 
doe  in  part  to  variation  in  the  penetrability  of  the  agents  into  radiosensitive 
sites,  it  aeons  likely  that  these  differences  are  more  closely  correlated  with 
the  variations  in  the  mode  of  action  of  the  specific  radioprotective  agents. 

The  investigation  of  the  ability  of  various  radioprotective  agents  to  reduce 
radiation  injury  to  diverse  naanalian  systons  is  of  value,  therefore,  in  ds- 
temlning  not  only  how  these  systems  contribute  to  the  radiation  syndrone  but 
also  why  none  radioprotective  agents  are  more  effective  than  others  against 
specific  radiation  dosage  levels.  Serotonin  (5~HT)  and  nercaptoethylanlne 
(MEA),  for  example,  are  both  capable  of  markedly  reducing  radiation  lethality 
in  x-rayed  alee  «id  both  minimise  radiation  injury  in  the  hematopoietic  system 
of  such  animals.  5-RT  is  far  less  effective  than  MEA,  however,  in  preventing 
radiation  injury  to  the  gastrointestinal  tract  and  its  ability  to  reduce  radi¬ 
ation  lethality  in  nice  given  supralethal  doses  of  radiation  is,  therefore, 
less  than  that  of  MEA.  Similar  differences  exist  in  the  ability  of  the  chemi¬ 
cal  radioprotective  agents  to  prevent  oral  radiation  death  or  injury  to  the 
central  nervous  system.  Less  is  known  about  the  ability  of  the  chemical 
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radioprotootlv*  agaoti  to  provant  tho  dolagrod  or  lot*  offeeto  of  oeuto  radl* 
ation  expoaura.  Such  agenta  have  boon  reported  to  protect  against  radiation* 
induced  cataraetogeneaia  (1)  and  graying  of  hair  (8)  but  not  against  the 
genetic  effects*  naoplasia  and  presiatura  aging  frcn  sueh  axposures  (3-6). 

The  present  studies  were  earried  out  in  an  effort  to  obtain  more  detailed 
Infomatlon  eoneaming  the  ability  of  the  ehaaiieal  radioprotee*’lve  agents  to 
prevent  the  delayed  effeeta  of  aeute  x-ray  exposure.  Groups  of  feaule  niee 
have  bean  given  radioprotective  agents  at  dosage  levels  adequate  to  markedly 
reduce  acute  radiation  lethality  and  the  mortality  of  these  niee  was  followed 
during  a  period  of  about  one  year  after  radiation  exposures  of  UOO  r  through 
800  r.  Many  of  the  aninsXa  which  died  durlfxg  the  ooures  of  theee  studies 
have  been  autopeied  and  the  tissues  prepared  for  histological  examination. 

In  addition  nice  from  each  of  the  groupe  have  been  aserifieed  at  various 
intsrvslfl  following  the  x-rey  expeeurea  in  order  that  information  eonceming 
the  time  of  onset  of  the  various  lesions  night  be  obtained*  The  present  re¬ 
port  eontalne  the  results  of  the  nortslity  obsenretione  made  during  the  first 
year  after  the  x-ray  exposure  and  the  gross  and  nleroseople  pathology  for  these 
mice  will  be  reported  subecquantly* 

Materiala  and  Methods.  Adult*  fansls  Csrworth  Psms  mice  between 
9  and  15  weeks  of  age  were  used  A>r  these  studies*  The  animals  were  randoniaed 
and  then  divided  into  five  groups  each  of  which  contained  four  sub-groups  of 
32  alee.  Four  of  the  five  groupe  were  ^van  one  of  the  radioprotective  apente 
and  the  fifth  group  (radiation  eontrola)  was  given  eonpsrabls  amounts  of  water 
and  irradiated  simultaneously  with  the  protected  animals.  The  x-ray  aSQWsuras 
were  given  15  minutes  after  the  adnlnistration  of  the  protective  egente  end 
each  of  the  aub-groupe  received  0  r  (drug  eontrola)*  IjOO  r*  600  r*  or  800  r  of 
whole-body  x-lrradiatlon.  The  radiation  dose  in  the  non-proteeted  groupe 
given  600  r  and  600  r  was  fractionated  (200  r  every  other  day)  to  avoid  ex- 
essslva  mortality.  The  mortality  in  each 'group  was  obsarred  daily  (taring  the 
first  30  days  after  the  x-ray  exposures  end  at  weekly  intervals  thereafter* 

The  animals  were  housed  in  stainless  steel  cages  end  raised  wire  aerean  floors 
(eight  par  cage)  in  an  air-oonditioned  room  (o0<>  7„  t  3^  P.)  and  were  provided 
with  food  (Rockland  House  Food)  and  water  ed  llbitf » 

The  following  radioprotective  agents  wars  included  in  these  studies s 
2HBereapteetbylsmine  hydrochloride  (CB-ltl(5l*  HEA)*  p-amlnopropiophenono  (UCTL- 
1656*  FAFP)*  serotoniB  creatinine  ai^ata  (C6-32*  5>HT)*  and  PHualnoathyliao- 
thlourea  diehlorlda  (B-53*  AET).  All  of  the  ocagxnmds  were  dissolved  in  water 
except  for  PAPP  which  was  dissolved  in  50!t  propylene  glycol*  The  injection 
solutions  were  prepared  freshly  end  the  ooneentration  was  adjusted  so  t)«t  the 
mice  received  not  more  then  1$  of  their  bogy  weight  with  eaeh  intraperitoneel 
injection.  The  doeege  levels  used  for  these  etudiea  are  ahown  In  Table  1* 

The  x-ray  expomirss  were  given  bytaeana  of  a  G»  E*  Naxiaar  X-ray  unit 
operated  at  250  KVP  and  15  ma*  with  0*25  *ei.  copper  and  1*0  mm.  aluminum  added 
filtration  (H7L  -  1.01  am.  eopper).  The  dose  rate  waa  datainined  at  the  be¬ 
ginning  and  end  of  eaeh  radiation  sxposure  by  means  of  s  Tietoresn  lonlastion 
Chamber  which  was  placed  in  an  empty  mouse  holder  located  in  an  appropriate 
position.  Zh  addition  tho  dose  rate  was  monitored  during  the  nadietion  sk- 
posure  by  means  of  a  Tictoreen  Roentgen  Rataawter  (Hodel  510)  provided  with  a 
median  energy  probe  assembly  (Model  &1),  The  control  and  protected  anlmls 
were  inradiatod  together  in  groups  of  16  mica  contained  in  individual  luelte 
tubas  (50  co*  esntrifbgs  tubas  pnivldsd  with  numerous  air-holes)  which  were 


]^ae«d  parpMidloularljr  to  tha  oantnl  axis  of  tha  x»ray  beam  on  a  rotating 
turntable.  The  emrlromental  temperature  of  the  mice  vaa  thanNoatatloally 
eontroUed  during  tha  x-ragr  expoeurea  (80  -  2^  ?«)« 


TABU  1 


NUMBFS  OF  MICE  AKO  D06A0E  LlilVEUS  OP  RADIOPROTECTIVE 
AOEMTS  EMPLOYED 


I  Nntber  of  Hioe  Surviving  at  30  Daya 


Group 

Protective  Agent 

After  Exposure 

No. 

and  Dosage  Level 

- 1 

0  r 

(Drug  Controls) 

1 - 1 

1 

boo  r 

1 - 1 

600  r 

1 - 

800  r 

1 

2-Meroaptoethylamlne 

hydrochloride 

300  ngeoA0B°  IP 

32/32 

29/29 

31/32 

26/30 

2 

p-Aminoproplophanone 

30  mffn./k^no  IP 

31/32 

31/32 

30/30 

29/32 

3 

Serotonin  creatinine 
eulfate  ooaq)lex 

90  mgm.Apn.  IP 

32/32 

32/32 

32/32 

23/32 

b 

2-Aainoethyllao- 
thlourea  dichlorlde 

200  n^B.AffBo  IP 

32/32 

32/32 

30/32 

27/32 

5 

'  Radiation  controls 
(vehicle  only) 

32/32 

30/32 

30/38 

2l/b2 

Reaulte 

Llfe>anan  ahortenlng  In  fatale  CFi  mice  aunririns  tha  acute  (30>day) 
effeota  o/  iihole-^<hr  x-ry~<pepoen^.  The  mortality  In  the  grotgw  of  alee  ex- 
p5e7ToTIC(r77^5(7rr7T53rSRrr’'orx-lrra  diet  ion  haa  now  been  foUowod  for  a 
period  of  over  60  weeiu  and  the  reaulte  of  theae  obaerratlona  are  aumearised 
in  Figure  1.  Since  the  present  atudiea  are  oonoemed  only  with  the  effect  of 
the  ohemioal  protector  a  on  llfe-apan  ahortening,  the  per  cent  mortality  in  each 
group  haa  been  oomputed  on  the  baala  of  the  number  of  mice  which  were  aurvlTing 
at  the  end  of  the  firat  30-day  period  aftdr  the  x-ray  expoaure.  It  ean  be  aeen 
in  Table  1  that  there  waa  an  appreciable  mortality  in  the  non-proteoted  groups 
of  ndee  glvali  600  r  and  800  r  even  though  the  x-ray  dose  was  fractionated  and 
actainiatered  over  a  neriod  of  about  a  weelCo  Thus  the  two  highest  dosage  level 
groupe  of  the  non-protected  mice  represent  a  seleotad  population  and  this  is 
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*j^?*®*w  ^®**  ■«»•  0^  the  protected  groupe  of  animals. 

*“  Figure  1  covers  only  the  period  from  20  to  60 
11*^**!  exposure  since  this  period  included  the  median  survival 
tlZ  ^^t*eL‘*h*^  groups  fbr  uhiehwe  have  sufficient  data  at  the  present 
r2?*  *  ?  ^  *?“*  ^  Figure  1  that  the  medUn  survival  time  (ST-!!)  for 

^  TOntrol  group  (noo-pro^ted,  non-irradiated)  was  about  50  weeleS^mhiSh 

th^tiS'whirSot^f**!!!*  ^  V!  average  age  of  the  mice  at 

the  tiM  50, t  of  the  groi^  had  died.  The  age  corrected  median  survival 

to  liTO  r,  600  r,  and  800  r  were  found  to  be  about 
?  uoohi  re^Mtively.  Thus  the  life-span  shortening  fbr  the 
nM-pro^tod  mice  given  liOO  r,  600  r,  and  6C0  r  would  be  approxLately  16« 
Mta^  ^»Wtl»ely.  It  would  appear,  therefore,  that  the  life  «-  ' 

aorotonin  creatinine  sulfate  (5-HT)  on  the  life-anan 
vhoie-toV,-ray  e^iure  In  flF,  female™e. 

^  ?*•  Of  «Lce  wnidi  were  treaied  wllh  S-flP  prior 

^  •Wures  is  shown  in  Figure  2„  The  control  group  of  mice  shown 

the^ui^^Sw^Tl  5'S  l"»«*iated.  It  Is  evident  that 

^med^  eurviwil  time  of  the  nice  treated  with  the  5-HT  is  prolonged  slg- 

non-treated  control  animS  (11^  coi^ 

^  72  uueks  as  compared  with  the  previous  value  of  62  weSs).  The 
-50  ”^2;"  ^’*®  "ic®  gi»«“  S-HT  prior  to  the  adninistration  of 

Xip  4  "Fe-apan  shortening  is  eoetputed  on  the  basis  of  the  ST-^  of  the 

♦kIT  ®®“^*^1  group,  one  obUlns  eslues  of  about  17^,  22if,  aM  39<  for 

iJall  Sl^ulTtlii'Jf’S**  *»ro»  ®F  boo  r,  600  r,  andSOO  r  re^et- 

Ca^ulatlon  of  the  life-span  shortening  in  terns  of  the  ST,?n  of  the 

group  of  nice,  h^ver.  reduces  the  values  t6°about  3J5, 
1^  and  29%  for  the  x-ray  dosage  levels  of  UOO  r,  600  r,  and  800  r  respect- 


iophenone  (PAPP)  on  the  life-enan  shorten 


Effect  of 
feet  of  aeu 


^  ~r«iipy  cate  for  the  mice  which  were  given  38  m^.A«;  of  PAPP 
priw  to  the  x-ray  e^sws.  The  drug  control  group  (PAPP  only)  exhibited  an 
greased  median  survival  tine  when  conpared  to  that  of  the  non-treated  controls. 

th!  For  the  group  of  mice  which  were  given 

tne  KAPP  treatment  prior  to  an  x-ray  exposure  of  hOO  r  was  58  weeks  and  the 
eorimsponding  for  the  mice  exposed  to  x-ray  doses  of  600  r  aid  8C0  r 

w  l|6  “J  Wj  »•••»  respectively.  Comparison  of  the  survival  tine  of  these 

control  noup  gives  life-span  shortening 

S  thisJ  “"**  ®°°  **  Comparison 

7V  !**,?^*^  control  group  (age  corrected  median  survival  tine 

or  73  weeks)  results  in  life-span  shortening  values  of  20%,  375?,  nd  li0%  fbr 
the  three  x-rey  aaqposures.  *  ^ 

.  .  Effect  of  2-emineethylieothiourea  didiloride  (AET)  on  the  life- 

snortenliis  •ffMt  or  acu' 


!nCiClL_ 

ir>tCT.nrK/:Tja 


laczamaL.-EST 

“35 


P®™*"®*  ohown  in  Figure  u.  The  age  corrected  median  survival  for  the 
nOT-l^dlated  mice  given  the  AET  was  estimated  to  be  about  78  weeks  and  that 
f  r  the  animals  given  the  AET  prior  to  the  x-ray  exposures  was  59,  U8,  and  36 


AlT«V««W  V»0  J»«d 


flgnr*  2a  Effect  of  aerptonin  ereetlnine  aulfeto  (5>HT)  on  the  lift 
ahortenlng  effect  of  aonta  whole^bo^f  x-ray  extioaorB  In  Ct  faaale  mieeo 
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wacka  for  the  groope  exposed  to  liOO  r,  600  r,  end  800  r  respectively.  The 
llfo'spsn  shortening  in  these  eninale  wee  efaent  23^«  and  li25  when  eon- 
pared  to  the  survival  tine  of  the  non-irra dieted  untreated  controls  and  shout 
37%$  and  Slti5  when  eoaqnred  to  the  ST^  of  the  AET-treated  control  gro«q>. 

Effect  of  2^roaptoet^l«a^  hnrdroohlorlde  (M80  on  the  llfe«»apan 
ehortening  e^eci  of  acute  wholWho Ar  x-ray  exporure  to  dr,  I’enaie  nice.  Tbs 
nortali^ daia  ibr  iha  kEA*ireated '^ups  of' mlnale  is  present  In  Ugore  5« 
Since  the  nortALity  In  the  control  group  (MBA  only)  has  not  yet  reached  30%$ 
it  la  not  possible  to  estlAate  the  nedian  survival  tine  for  these  nice  but  it 
is  evident  frcn  the  results  obtained  thus  far  that  the  value  will  probably  be 
greater  than  60  weeks  (corrected  for  age).  The  mice  which  were  given  NBA  prior 
to  the  IiOO  r  x«ray  exposure  exhibited  ah  age  corrected  median  survival  tine  of 
about  53  weeke  and  this  group  of  aninals  which  received  600  r  of  x-lrradistion 
following  the  MEA  treatnant  had  a  nedian  surviiml  tine  of  about  36  weeks.  The 
value  for  the  group  of  nioe  exposed  to  600  r  has  not  been  included  in  Figure  3 
ainoe  several  of  these  animals  died  during  the  early  part  of  the  observation 
period  and  it  will  be  necessary  to  repeat  the  studies  at  this  dosage  level. 

From  these  studies  the  lifo»spen  shortening  in  the  nice  exposed  to  the  z-rey 
dosage  levels  of  UOO  r  and  600  r  was  lii^  and  395  on  the  basis  of  the  untreated 
control  grovqp. 


Discussion 

■ — ... - j 

The  evaluation  of  radioproteotive  agents  in  teras  of  their  ability  to 
reduce  the  effective  radiation  dose  is  nsaningfUl  only  whan  it  is  recognised 
that  such  dose  reduction  factors  (ERP'e)  are  both  time  and  dose  d^iendent. 

The  ISF  value  for  radioprotective  ehenicals  is  most  frequently  determined  by 
the  ability  of  the  agent  to  increase  the  30-day  LD^  value  in  animals  exposed 
to  whole-body  x-ray  doses  in  the  range  of  liDO  r  through  ab<Mt  l,li00  r.  Since 
the  major  cause  of  radiation  death  in  this  dosage  range  and  time  period  is 
hematopoietic  injuiy,  oosqiatation  of  the  IRF  on  the  basis  of  the  30-day  mor¬ 
tality  data  provides  a  value  which  reflects  primarily  the  ability  of  the  pro¬ 
tective  agent  to  prevent  injury  to  the  hematopoietic  tissues.  Previous  studies 
in  this  laboratory  (7)  have  shown  that  the  detemination  of  the  DRF  for 
serotonin  at  six  days  after  radiation  waa  about  1.1  wbereaa  tha  aama  animala 
exhibit  a  IKF  value  of  about  1.8  when  the  eomputations  are  baaed  on  the  isor- 
tallty  data  30  days  after  the  x-ray  exposure.  Thus  by  otmputlng  tbe  IRF  values 
for  s  spoeifie  protector  at  various  intervals  following  the  radiation  exposuro, 
one  can  obtain  information  concerning  the  ability  of  the  protector  to  decrease 
damage  in  the  tissue  or  system  whioh  Is  eontrlbuting  imst  heavily  to  mortality 
during  each  interval  following  the  radiation  exposure.  In  attesipting  to  de¬ 
termine  lather  tbe  ehssdesl  radioproteotive  a^nts  arp  aa  effective  in  pre¬ 
venting  tbe  delayed  effects  of  radiation  exposure  as  they  are  against  the  acute 
radiation  sequelaOf  it  would  be  usofbl  to  be  able  to  oostpare  IRF  values  for  the 
two  situations.  V/hile  the  range  of  z-rigr  dosage  levels  used  for  the  present 
studios  is  Inadoqaate  for  this  type  of  approach^  it  is  possible  to  obtain  an 
indication  of '^the  effects  of  the  agents  by  oempering  tha  life-span  shortening 
in  the  protaoted  and  non-proteeted  groupe  of  nice. 

In  Figure  6,  the  life-apan  ehortening  data  from  the  non-proteeted  groups 
of  mice  hss  been  expressed  in  tenos  of  the  x-ray  dose.  Although  the  results 
obtained  in  the  present  study  suggest  that  there  Is  a  threshold  at  about  150  r$ 
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eonparabl*  studlM  from  otter  laboratories  (8,9)  in  which  wider  ranges  of 
doses  were  used  suggest  thst  the  threshold  Is  lower  if  it  does  in  fact  exist* 

If  a  linear  relationship  la  assumed  to  exist  for  the  per  cent  life>span 
shortening  in  terns  of  the  radiation  dose»  the  results  of  the  present  studf 
would  suggest  that  the  life  span  of  fenala  mice  is  deerensed  tagr  about 
O.OltTf  per  roentgen  of  aeute  z^ray  exposure*  On  the  basis  of  this  value  the 
per  cent  life-span  shortening  observed  in  each  of  the  protected  groups  of 
mice  can  be  used  to  calculate  the  effeetive  doee  of  radiation  which  each  of 
ttie  groups  reeel  wad  and  this  in  turn  pemits  calculation  of  an  approximate 
DRF  value  for  each  protS’Ctad  group*  Such  calculations  sra  eonplleatad  in  the 
present  studies  by  the  increased  survlvil  of  the  non-irradiated  groups  treatsd 
with  each  of  the  proteotive  agents*  Sines  the  mortality  In  these  groups  has 
not  yet  rssehsd  $0%,  the  msdisn  survivsl  tine  of  these  groups  must  be  esti¬ 
mated  on  the  basis  of  limited  mortality  ddte  particularly  for  the  groups 
treated  with  MEA*  The  results  of  ttess  ealoulstions  are  sunmrisad  in  Table  2 
where  the  data  fsr  the  MEA-treated  miee  has  been  eonputed  on  the  basis  of  an 
aesuned  median  survival  time  of  82  weeks  for  the  non-lrradisted  controls*  It 
Is  avldsnt  from  an  examination  of  the  age  eorrectcd  survival  times  that  none 
of  the  agents  tasted  in  these  studies  ware  of  psrtieulsr  benefit  in  preventing 
the  life-span  shortening  effeet  of  the  x-ray  expoaxires*  The  median  survival 
time  of  the  nice  treated  with  PAPP,  and  AET  prior  to  an  x-ray  exposure 

was  increased  over  that  of  the  non-proteeted  animals  by  about  nine  weeks  and 
thst  of  the  nice  given  5-HT  or  PAFT  before  the  800  r  x-rsy  exposure  was  in¬ 
creased  by  about  elj^t  weeks.  In  the  miee  expoeed  to  Om  x-ray  dose  of  600  r 

the  only  agent  whloh  increased  the  median  survival  tias  was  S-HT*  Correction 
of  these  data  for  the  prolonged  survival  time  of  the  non-irredisted  control 
groups*  however*  eliminates  the  proteotive  effeet  for  ell  of  the  grouqps  except 

thoee  treated  with  and  given  IjOO  r  or  600  r  and  the  mice  fi;lven  AET  prior  to 

ItOC  r  of  x-r«yo  The  average  ERF  for  the  S-ST  treated  animals  is  about  1*1  and 
the  valuea  for  the  nice  given  BAFP*  AET*  And  KEA  are  about  0*68*  0n92,  and  0,6U 
respeetively*  The  ERF  vslttes  for  these  agents  against  acute  radiation  lethality 
(30-day  survival)  are  all  above  1*5  and  it  is  evident*  therefore*  that  none  of 
the  chsnleal  radioproteotive  agsnta  ind-udad  in  these  studies*  with  the  possi¬ 
ble  exoapiion  of  5-HT*  ars  effeetive  in  preventing  the  life-qian  shortening 
effects  of  aeute  x-rsy  exposurs.  In  CF*  famale  miee*  In  the  present  studies 
pre-trentaent  with  NEA  and  AET  aotnslly  decreased  the  llfe-epan  of  the  x-raysd 
miee* 


The  results  obtained  in  these  studies  are  similar  to  those  reported  by 
Msisin  et  el*  (10)  who  found  that  pre-treatment  with  HEA  did  not  reduce  the 
llfe-spen  shortening  effect  of  600  r  in  rats*  In  ttesa  studies  the  non-lrrsdlated 
controls  survived  for  about  18  months  and  the  x-ray  exposure  reduced  the  median 
survimil  tine  by  about  six  months  irrespective  of  whether  the  animals  were  given 
MBA  or  water  prior  to  the  x-rey  exposure*  The  studies  of  Mewissen  and  Bruosr 
(6)  suggest  that  neitter  NEA  nor  ^  KEA  were  ospa^  of  preventing  the 

life-span  shortening  effects  of  whols-taodf  exposure  to  Co^  gumss  irradiation 
at  dosage  levels  of  !i06  r  or  r.  Hblloroft  at  si* ' (1)  have  reported  that 
spleen  shielding  or  the  ateinistration  of  oysteins  nips'  hypoxia  did  net  extend 
the  life-span  of  C3H  alee  given  UOO  r  of  x-lrradiatien.  However*  Upton  et  si* 

(12)  noted  an  increased  median  survivsl  tine  in  partially  shielded  nice  exMsed 
to  ii$0  r  of  x-ir radiation.  Nerospioethylgaanldiiie  (the  active  form  of  AET)  has 
been  reported  (13)  to  decrease  not  oiilr  tne  life-span  shortening  effeet  of  x-ray 
doaes  in  the  range  of  600  r  through  l*u00  r  but  aleo  the  ttaaor  incideoee*  In 
these  studies  there  wse  no  evidence  thst  the  protective  agent  decreased  cataract 
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TAfilZ  2 


Lm-SMN  SHORTENDO  IN  CFy  FBtAlE  HICE  TREATED  WITH 
GREMIGAL  RADIOPROTECTIVE  A(ai(TS  PRIOR  TO 
ACOTE  X-RAT  EXPOSOiE 


Radioprotaetlve  L 


Aouta  X-ny  Doae  in  Roantgma 


Agent 

0  r 

liOO  r 

1 

600  r 

800  r 

5-HT 

72 

6flJ 

36o'» 

1.10® 

111* 

810 

0,99 

RAPP 

73 

58  ^ 

1*25 

0.91* 

U6 

790 

0,76 

1*1* 

850 

0,91* 

AST 

78 

59 

300 

1.31 

U8 

810 

0„7l* 

36 

1150 

0,70 

HEA 

>  80 

•  • 

38 

1100 

0-73 

M - 

mPM 

62 

52 

362  . 

« 

1*5 

595 

36 

880 

effect. 


*Age  corrected  median  evrrleal  tine  in  weekco 
^•regr  dose  in  r  eorreeponding  to  life-span  shortening 

• 

°DRF  (effectivs  dose  in  r/e<tainistered  dose  in  r). 
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forwition  whcroM  Ten  Sallmnn  h*s  reported  (lit)  thet  ^telne  reduces 
eetaraetogenesis  In  rabbits  given  r  to  the  ejrea.  The  only  similar 

studies  carried  out  with  PtPP  appear  to  fas  those  of  Breohsr  et  al»  (5)  who 
found  that  young  rata  given  le^l  doaea  of  x-irradlation  exhlhiied  a 
shortened  survival  time  and  increased  tumor  incidence  although  it  is  diffl* 
cult  to  evaluate  these  studies  beoause  of  the  lack  of  proper  control  groupa<, 
In  most  of  the  studies  which  have  been  carried  out,  the  life-span  diortenlng 
effect  in  the  protected-irradiated  groups  has  bean  compared  with  the  life¬ 
span  shortaning  effect  in  non-protected  animals  exposed  to  the  same  radiation 
dose.  The  results  of  the  present  studies  demonstrate  that  such  groups  do  not 
constitute  an  adequate  eontrol  since  the  protective  agents  nay  also  influence 
longevity.  If  the  results  of  the  present  study  hod  been  evaluated  on  the 
basis  of  ths  non-pioteetsd  control  group,  it  woidd  be  difficult  to  avoid  the 
conclusion  tbst  both  $-HT  snd  PAPP  were  affeetive  in  preventing  the  life-spen 
shortening  effaets  of  radiation  ejqosure. ‘  It  la  apparent  that  additional 
studlea  are  indicated  and  that  theae  studlaa  should  include  a  wider  range  of 
radiation  dosage  levels  and  a  larger  nunber  of  enimela  particularly  in  the 
eontrol  groups.  The  question  of  whsther  the  ehmaicsl  radioprotective  agents 
prevent  the  delqfwd  sequelae  of  acute  radiation 'Sicposure  is,  of  course,  only 
partially  answered  by  the  results  of  tbese  studies.  Cataraets  and  gross 
tumors  were  not  observed  in  any  of  the  mies  included  in  these  studies.  How¬ 
ever,  the  histopathologieal  examination  of  the  tissues  from  these  mice  which 
is  in  progress  should  provide  a  comparative  estimation  of  ths  effeota  of  tha 
proteetora  on  tumor  fonmtlona 


Summary 

la  Ths  longevity  of  female  CF.  mice  given  various  chemical  radioprotective 
agents  prior  to  aeute  x-ray  oag>osure8;0f  tiOO  r,  600  r,  and  BOO  r  haa  bean 
oompared  with  that  of  non-lrradiated  animals  given  the  protectors  and  with 
non-protsetad  Irradlatad  animals  in  order  to  detemine  whether  any  of  these 
agents  reduce  or  prevent  the  life-span  shortening  Offsets  of  soute  x-rsy 
exposure. 

2,  Prstreatmeat  with  serot(»in  oreatinina  sulfate  (90  ngpa.A0><>  IP)  increased 
the  ale  corrected  median  sunrlval  time  of  the  x-rayed  mies  by  about  eight 
weeks  but  tbs  protective  affsot  is  small  in  eomnsrlson  with  the  ability  of _ 
this  agmut  to  prevent  acute  (30-day)  radiation  effects. 

3.  Kios  prstreated  with  p-milnnproplophsncne  (30  mgs./kgm.  IP),  2-eminoethyl- 
isothiourea  di«(doride  (200  mpu/l^.  IP),  or  2-meroaptoethyleaine  hydro- 
ehlorlde  (300  m^./kpi.  IP)  prior  to  the  administration  of  x-ray  dosaa  of 
600  r  or  800  r  exbibitad  age  oorrected  median  survival  times  comparable  or 
less  tbmn  those  seen  in  animals  given. these  x-ray  doses  without  protection. 
All  of  these  agents  increased  the  aedian  survival  time  of  niee  given  UOO  r 
of  x-lrradlatlon  but  oorrsetion  of  the  lifb-spsn  shortening  data  for  the 
inereass  in  longavity  produced  by  ths  adalnistration  of  ths  agents  alone 
eliminated  the  apparent  protective  affects  in  these  aniaulso 

Uo  No  evldenec  was  obtained  in  the  present  studies  that  pretreatment  with  the 
radioprotective  agents  decreieed  the  incidence  of  other  delayed  radiation 
sequelae. 
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PfUBMACOLOaiCAL  AKD  TOXICOLOaZCAL  COMPOUIUB  AS  IBOBCriTE  OR 
TREBAFESTIC  AOEMTS  AQAZNST  RADZATZOH  INJURY  IN 
EXPERIMENTAL  ANIMALS 


IT»  Efflwt  ef  Various  R*dloprot«efelon  Traataanta  In  Mlet 
H«  D*  TjwdRhl  and  A.  T*  m$agnm 


This  report  concTPat  EacpArlaenta  on  protection  against  the  injurious 
effects  of  X'irra^ilon  tgr  external  splem  shielding  in  conjunction  with 
serotonin  ($-hydroaqrti7ptsMlne)  and  MEA  (aereaptoetfegrlwiius).  In  other  e^qwrl- 
■ants  hldru^lsaine,  low  ooqrgan  tension,  sodius  ejanide,  or  sodium  nitrite  plus 
MQl  were  used  to  enhance  protection.  effect  of  topical  application  of 
histaaine  or  AET  (aBinoethQrlisothiouronluB  dichloride)  to  the  exteriorised 
spleen  as  veil  as  spleen  Shock  before  irradiation  vas  also  studied. 

Liediate  or  ultlsiate  y plication  of  the  results  t  To  obtain  Infonatlon 
conoemlng  ^  nedainisaw  involved  in  radlioproteeilon  bj  treating  animals  in 
aarious  ways,  both  chenical  and  physical,  prior  to  x-irradiation. 

«»«««««« 

the  first  series  of  experiments  =  presented  in  this  report  the  UVq  of 
x-lrradiation  to  nice  was  detenained  under  conditions  Ih  which  the  spleen  is  pro- 
tooted  by  an  external  lead  shield  during  irradiation.  Using  this  aalue  as  a 
base  line,  the  protection  by  any  eoapound  orer  and  above  that  provided  by  the 
shielding  alone  nay  be  attributed  to  protection  of  other  system.  With  this 
point  of  view  in  mind,  the  effects  of  MEA  and  of  serotonin  were  investigated. 

In  the  second  series  of  experiments  an  atteaqit  vas  made  to  detemine 
the  extent  of  the  increase  in  protection  whioh  can  be  achieved  by  increasing 
the  Mount  of  protective  substance,  which  was  hydroxylamine  in  this  case.  Ac¬ 
cording  to  the  scavenger  hjrpotbesis  one  would  expect  that  increasing  amounts  of 
a  protective  substance  would  result  in  increasing  protection  and  this  protection 
could  conceivably  be  large,  but  tbs  Mount  of  the  sabstance  that  can  be  given  is 
limited  by  Its  tOKiel^.  In  the  ease  of  pratection  by  decreasing  oxygen,  the 
damage  which  is  amdiated  through  oxygen  idght  decrease  to  a  very  low  level  tet 
such  a  level  cannot  be  determined  if  it  is  -below  that  level  idiieh  can  Just  be 
tolerated. 

Thirdly,  an  experiment  was  carried  out  to  see  whether  the  protection  by 
sodium  cyanide  correlated  in  time  with  the  decrease  in  spleen  oxygen  tension. 

The  fourth  series  of  experlmsnts  consisted  of  detenaiia  tions  of  the  effective¬ 
ness  of  topical  application  of  oompotinds  and  of  electric  shook  to  the  spleen. in 
an  attempt  to  protect  the  animals  against  the  lethal  effects  of  irradiation  by 
protecting  the  spleen  alone.  Lastly,  sn  experiment  was  perfomed  to  ascertain 
whether  there  was  sdditivo  protection  idmn  MEA  and  sodium  nitrite  were  athdals- 
tered  before  IrradlatiCB. 
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Material!  K>tho<i«»  Adult  CF^  aula  mica  walghing  batwaan  22  and 
26  grana  ware  nsad  for  t^aa  axpariaantat  Thajr  vara  naintalnad  on  Hodcland 
Mouse  Pellets  and  water  ad  libltoao  The  alee  ware  irradiated  two  at  a  tine 
in  a  saall  circular  plastic  ehaabar  divided  so  that  only  one  mouse  occupied 
one  side*  The  ehaabar  was  eonstrueted  so  ^t  air  or  mixtures  of  gases  could 
flew  throtigh  it  to  maintain  any  desired  en^roEnental  oxygen  tension*  The 
irradiation  was  given  at  a  rata  of  60C  r  par  minute  with  a  Maxlasr  O.E*  unit 
using  2$0  K7Pf  15  me*  with  0.25  On  and  1  an*  A1  added  filtration. 


Results 


Protection  against  irradiatloa  by  jm  «teroal  ahield  over  the  spleena 
As  a  reference  point  for  coaqparison  of  praVeciion  againrt  high  levels  of  ir- 
radiation,  a  dose  reduction  factor  for  an  external  spleen  shield  is  desirable. 
Nenbutnlised  nice  were  placed  in  a  small  chasiber  on  their  right  sides  and  a 
small  lA*  wedge  of  lead  was  placed  over  the  spleen  with  the  lead  resting  on 
the  animal*  The  wedge  was  2  en*  long  and  0,7  cs>*  wide  at  the  end  projieting 
over  the  abdomen,  and  1  en*  wide  at  the  end  which  was  directly  over  the  back* 
bone.  About  30  mimites  after  being  given  nemlmtal  at  60  intraparito- 

neally,  tha  mice  were  exposed*  The  results  are  given  in  Table  1* 


TABI£  1 

SURVI7AL  POLLOUINQ  VARIOUS  EOSES  OP  IRRADIATION 
TO  MICE  DNDtS  NQfnUTAL  AND  WITH  SPUmS 
SHIELDED  EXTHiNALLT 


X-ray 

Dose  in  r 

Survival  Rates 
(30  Days) 

Kean 

Death  Tine 
(Dsys) 

%  Survival 
(30  Day) 

800 

8Ao 

•  •  e  • 

80 

900 

13A9 

11.7 

li5 

1000 

3/» 

6.5 

15 

1100 

1^ 

6 

10 

1200 

0/20 

7 

0 

If  the  data  in  the  above  table  are  jetted  on  log-probability  paper, 
it  can  be  seen  that  tbs  Ll\^  is  about  890  r,  the  coefficient  of  variation  being 
about  1U5,  ^ 

Four  groups,  each  containing  tan  animals,  were  given  350,  UOO,  li50,  and 
500  r  to  check  the  previous  UW  for  normal  male  mice.  Tbs  respective  30-dtay 
survivals  of  8Ao,  6/10,  2/l0,^nd  3/l0  give  an  estimated  LO^  of  about  U20  r 
as  compared  with  tbs  more  stable  value  of  b50  r  obtained  prcHously  (1)*  Since 
these  values  are  essentially  tbs  same,  we  nay  ooapare  values  directly  with 
those  given  previously*  Using  an  UW  value  of  Ii20  r  we^Mtain  a  dose  re^tion 
factor  of  2*1  fbr  sidean  shining  ilTthe  above  situation. 


To  detemino  tho  of  foeilTMteas  of  tho  ohioldingf  axperlMnis  woro 
earriod  oat  using  a  Tlotoraao  with  tha  tip  ahlaldad  tagr  tho  laid  vad^a,  tha 
laid  baing  hald  on  by  a  plaoa  of  tapa.  TIm  following  raaulta  wara  obtalnad. 

If  tha  Tletoraan  waa  auapandad  In  air,  than  tha  raiding  waa  about  h%  of  that 
in  tha  abaanea  of  the  laid  ahialda  If  tha  Vietoraan  waa  aat;  on  tha  Inelta 
Plata  (1”)  whieh  ia  naad  for  aapoaing  niea  in  tha  aeraaning  progran,  tha 
reading  waa  fraa  8  to  of  that  without  lead,  depending  on  tha  plaeanant. 

If  tha  Tletoraan  waa  plaead  on  tha  body  oT  a  dead  nouaa,  with  a  nouaa  on 
either  aide  and  near  the  top,  than  a  reading  aa  high  aa  20^  of  tha  unahlaldad 
value  eould  ba  obtained.  Mbeh  of  tha  aplaen  la  cloaar  to  the  lead  ahiald  than 
tha  canter  of  tha  ionization  ohanbar  ao  that  at  laaet  part  of  the  aplean  nay 
ba  ai^baad  to  laaa  than  2C0  r  for  a  1,000  r  expoaure.  But  tha  outer  adgaa  of 
the  aplaen  undoubtedly  are  axpoaed  to  aubatantially  more  than  200  r.  However, 
it  ia  likely  that  the  centra  portion,  whieh  ia  noat  protected,  ia  the  only 
part  that  ia  inportant  for  tha  aurvlval  of  aufflelent  ealla  to  aerve  aa  a 
aouree  for  repopulating  the  retlettlo<^dothallal  ayaUm.  In  any  case,  it 
aoiiat  be  kept  In  mind  that  the  ahielding  ia  by  no  meana  eoaqileta.  Farther 
atudlea  are  needed  to  find  out  whether  or  not  complete  ahialding  of  the  ex* 
terlorized  apleen,  or  the  injection  of  young  aplean  ealla  or  bona  narrow  in* 
ereaeea  protection  above  that  obtained  with  the  external  ahialding* 

Protection  againat  irradiation  by  an  extern^  ahield  over  the  apleen 
pettier  with  or  aerotonln.  A  doae  of  npn.Agn.  mareaptoettyrlaaiiae 
ninutea  prior  to  Irradiation  afforda  about  the  aane  protection  aa  does 
an  external  ahield  over  tha  apleen.  It  is  of  intereat  to  find  out  the  extent 
of  thla  protection  if  the  apleen  ia  aimultaneously^  shielded  externally.  Tha 
additional  protection  eould  cone  from  further  protection  of  the  apleen  or  from 
protection  againat  other  systems.  Since  the  doses  of  radiation  are  so  high 
that  death  by  gut  damage  ia  beginning  (2),  and  since  MEA  protects  against  this 
thnaga  (2,3),  a  synergistic  action  ia  not  unexpected. 

Intraperl toneal  adniniatration  of  serotonin  ( ^'hydroxy tryptamine)  at 
levels  above  $0  mgn,/kp»o  reaulte  in  a  substantial  protection  agninet  subsequent 
irradiation.  A  doae  reduction  factor  of  about  1.8  has  been  found  (U).  Simul¬ 
taneous  protection  by  serotonin  and  ehialding  c ould  result  in  some  additional 
protection  of  the  apleen,  but  alao  in  a  alight  decrease  in  damage  to  the  gastro¬ 
intestinal  tract.  Experiments  ware,  therefore,  carried  out  from  which  an  esti¬ 
mate  could  be  made  of  the  extent  of  the  interaction. 

In  Table  2  are  given  data  on  survival  of  irradiated  mice  which  were 
shielded  over  the  apleen  and  given  either  KEA  or  serotonin. 

Protection  against  irradiation  by  repeated  administration  of  hydrcxyl- 
amine.  I^roi^lamine  produces  toxic  syii^toms  quickly  in  mala  CP*,  mice  but 
eonaldamble  amounta  can  be  adniniatered  vhen  ^ven  over  a  perioc  of  time  and 
especially  if  the  mice  are  previously  given  nanbutal.  An  atteng>t  was  Mdu  to 
increase  the  protection  against  Irradiation  by  giving  repeated  injmetioni  of 
$0  mgm.Agin*  at  5*4iiinate  Intervals  beginning  2$  minutaa  after  adniniatration 
of  70  aga.Agn*  of  nembutal.  Five  minutes  after  the  fourth  injection  of 
hydroxylandne  the  mice  were  given  various  doses  of  irradiation  at  a  rate  of 
6C0  r  per  minute.  In  preliminary  experiments,  after  survival  seemed  better 
in  those  animals  given  methylene  blue  (20  m^n./kgm.  Intraperl tonaally)  after 
irradiation  and  hence  this  procedure  waa  finally  adopted.  A  few  animla  in 


TAB1£  2 


SURVIVAL  OP  HALE  MICE  WITH  EXTERNAL  SHIELD  OVm  THE 
SPLEEN  AND  WITH  MEA  (UOO  MGM./kOH.)  OR 
SEROTONIN  (100  WHoACM.) 


Z*ray  Dose 
in  r 

Pre-X-ray 

Treatment 

Survival  Ratio 
(30-Dwr) 

Mean  Death 
Tine  in  Days 

%  Survival 
(30-Lay 

1,000 

Serotonin  (IvPo) 

100  mgn./kgmc 

8Ao 

1 

9  •  »  e 

80 

1,100 

n 

8A8 

8„8 

hh.$ 

1,200 

n 

1/8 

10 

12 

.  ,  800 

MEA  (I.P,) 

1(00 

9Ao 

e  o  •  <9 

90 

1,000 

n 

15A9 

11 

79 

1,200 

M 

12/20 

13 

60 

1,300 

N 

13A9 

lo.U 

68 

1,U00 

n 

8/20 

11,1 

uo 

eaeh  group  of  ton  can  bo  oxpoeted  to  dlo  jnat  boforot  during^  or  after  irradi¬ 
ation.  Aninala  aunriring  for  a  faw  niiaitea  after  being  gienti  nettorlane  blue 
lived  aeveral  daya  cr  nore.  In  Table  3  onlgr  auoh  aninala  are  Inoluded. 


TABU  3 

PROTECTia:  AQAINST  IRRADIATION  BY  nnRAFBRITONEAL 
INJECTION  OF  HIMOmAMlKE  IfifTROCflLORIEE 
IN  KAU  MICE 


X-ray  Dose 
in  r 

Pre-X-ray 
TreatMBt  with 
Mydrcaylamlne 
Hydrochloride 

Survival 

Ratio 

Kean 

Death  Tims 
in  Days 

%  Survival 
(30-Day) 

0 

200  n0i.A0i, 

(It  doses) 

loAo 

•  moo 

100 

800 

SO  mg^.Aga. 
(sln^e  doae) 

lAo 

7»5 

10 

800 

200  mg^.A0*9 
(U  doses) 

13/23 

1 

13ol 

57 

1,000 

200 

(It  doses) 

1/12 

11 

8 

At  so  ngn.AgOo  there  were  no  drug  deatha.  The  first  death  of  the 
irradiated  mioe  oeourred  on  the  alxth  day-.  No  pretreatment  with  nenbutal  nor 
poattreatawnt  with  aathylene  blue  waa  uaed  in  thla  caae.  The  data  auggeat  only 
a  alight  protection  againet  800  r  bgr  SO  ngn.AgWo  of  hydroxylamine  idien  given 
intraparitoneally  aeun  nlnutea  before  irradiation.  Pretreataent  with  nanbutal 
alone  (8S  ngn./kgn.)  reaolts  in  only  a' low  percentage  aunrlval  at  600  r  (aee 
below) . 


Since  over  one-half  of  the  nice  sunrired  after  200  ngn.Apio  of  NH2^ . 
(hydroxylanlne)  the  doae  reduction  factor  for  this  situation  is  not  far  fron  2. 
Hence  hydroaqrlanine  can  give  considerable  protection  against  ionising  irradi¬ 
ation  when  given  in  sufficiently  large  anounts  before  irradiationi. 

Protection  against  irradiation  by  very  low  oxygen  tension.  The  environ¬ 
mental  oxygm  tenaira  of  male  nice  was  earelbUy  broo^t  to  a  level  of  about 
oxygen  and  the  animals  exposed  to  various  levels  of  irradiation  ^ven  in  two 
minutes  or  less. 

After  the  nice  had  been  placed'  in  the  plastic  exposure  chamber  for  a 
few  minutes,  the  oxygen  tension  was  dropped  to  about  10]f  for  one  minutes  The 
tensim  was  then  dropped  to  about  7%  for  a  half  minute  and  then  to  L.6^  during 
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•  half  adnube  intervalo  Irradiation  vas  begun  20  seconds  after  the  tension 
reaehsd  At  the  nonant  the  x>ra]r  naefalne  ‘.shat  off,  a  solenoid  allowed 

sir  to  replace  the  low  oxjgsn  nixture  in  tlhe  exposure  ehmber.  Fsw  aninals 
died  during  the  1-1/2  ninate  exposures  (900  r).  However,  for  exposures  of 
two  slnutes  (1,200  r),  the  snoxla  results  In  early  ^  nortalltgr*  Si  Table  It 
only  aurvivora  of  the  expoaure  period  are  included. 


TABU  li 

SURVmL  OP  MALE  MICE  POLLCMINO  X-HUUDIATION 

nmsn  h»6t  oxiden  tension 


X-ray  Dose 
in  r 

Survival  Ratio 

(30-Day) 

.  Kean  Death 
;Time  (Daye) 

%  Survival 

(30-Day) 

800 

n/Ht 

(U) 

79 

900 

8/11 

(11) 

73 

1,000 

11/20 

13o3 

55 

1,200 

IA6 

10.7 

6 

From  the  above  table  it  can  be  seen  that  the  Ll^  (30-day)  is  sonewhat 
over  1,C00  r,  giving  a  dose  reduction  factor  bet^^en  2  ffid  2-1^  for  this  situ- 
ationo 


An  additional  group  of  ten  miee  ess  given  $$0  rc  As  the  x-ray  naehine 
shat  off,  the  air  in  the  dunber  was  r^iidly  replae^  with  nitrogen.  Tea  seconds 
later  the  level  was  isised  to  O2  and  10  seoonds  later  to  Tf,  Sines  the  abrupt 
drop  prodooes  exeitenont,  it  was  not  possible  to  maintain  the  oxygoa  level  as  low 
as  even  fbr  a  ninute.  After  two  minutes  the  mice  were  removed  froa  the  ex¬ 
posure  ehsnber.  No  animal  survived  beyond  11  days,  the  mean  tine  of  death  being 
9.3  days.  Untreated  aninals  given  $50  r  would  give  no  survivors  in  most  instances. 
Henoe,  production  of  anoxia  within  10  seconds  after  irradiatim  failed  to  show 
protection  from  the  rather  low  dose  of  550  r« 

A  few  trials  were  made  to  cM^ine  anoocls  with  6OO  ngn./lC0ao  of  KEA  (I.P.) 
with  the  x-ray  exoosure  being  given  15  mlndtes  after  injection  of  MFA.  Since  a 
higher  dose  of  Irradiation  needed  to  be  given  and  since  there  seeew  to  be  soae 
increased  sensitivity  to  anoxia  in  the  neetbutalieed-flEA  treated  animals,  the 
level  of  anoxia  could  not  be  maintained  below  6^.  In  a  group  of  eight  miee 
given  60  mpD./lqpao  of  nambutal  at  30  minutes,  600  mgm.Agn*  of  MFA  at  15  minutes, 
and  6^  O2  at  sero  time  and  during  irradiation  (1,500  r),  there  were  no  survivors 
after  Hi  days,  the  mean  death  time  being  10  days.  Another  group  of  seven  miee 
was  exposed  to  1,600  r.  Two  of  these  aninals  survived  30  days.>  The  mean  death 
time  of  those  failing  to  siurvive  30  days  was  13  days. 
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Pf^tlen  yliMt  Irradlatlop  by  aodian  cyanide  In  niibttt«ll»ad  m«l< 
mice.  Previous  n  todies  (3)  aiiovad  tlwi  Ihe  ojygMt  l«v«l  in  aioat  ale*  under 
i5B&taT  given  It  n^i.Avi*  of  aodltn  eysnlte  Intimpsritonsalljr  begins  to  fell 
at  about  three  ninuiea*  Only  1  In  6  showed  a  deorease  at  the  end  of  tlM  first 
■Innte.  Most  of  the  others  showsd  an  appreelabls  inereass  during  the  first  two 
nimitaa*  In  toms  of  protection  due  to  oxygon  deficit  one  would  not  eaepeet 
protection  to  be  exhibited  until  about  three  einutes  or  more  following  injection 
of  sodlmi  cyanide.  Hsnea*  nartbutalised  nice  were  givan  700  r  after  1,  3>  8,  and 
16  ninutes  after  aoditaa  cyanide  and  tbs  results  are  shown  in  Table  5* 


TADUB  5 

SURVIVAL  IN  NEKBUTALIZED  MALE  MICE  POLLOVINO 
IRRADIATION  AND  TRSTREATKENT  WITH 
SODIDK  CTAKIDB 


X-ray  Doss 
in  r 

Tins  After 
NaCN 

Survival  Ratio 
(30-Dv) 

Mean  Death 
Tine  (Daya) 

t  Survival 
(30  Days) 

700 

No  NaCN 

0/16 

9.5 

0 

700 

!• 

3A5 

11.6 

20 

700 

3.5' 

13/31*  . 

11,7 

38 

700 

8* 

S/ZU 

13.7 

a 

700 

16* 

1/18 

9,7 

5 

From  the  above  results  it  can  be  seen  that  idien  the  irradiation  is 
given  at  about  1.7  niautes  naan  tiae  fron  injection  of  NaCN,  there  is  apprecia¬ 
ble  proteetiono  The  survival  is  greater  at  four  niiattes  mean  tine  but  the  in- 
ereased  survival  is  not  significant,  thou^  significantly  greater  than  the  con¬ 
trol.  By  16  ninutes: the  survival  is  negligible.  The  data  do  suggest,  however, 
that  protection  develops  too  rapidly  to  bp  accounted  for  by  the  change  In  oxygen 
tension.  Ths  data  given  here  should  be  coapared  with  those  of  OiUsar  and  OouU 
(6)  in  whidi  nenbutal  was  not  given.  They  found  considerable  protection  by 
petassiun  cyanide  against  700  r  when  the  anlnals  were  irradiate  one  minute 
after  injection. 

Protection  against  ion<«ing  irradiation  by  tyieal  anplieatiwi  of 
hletamins  to  the  op^oo  niw.  As  part  of  a  prograw  to  etu4r  the  ektant 

of  protootion  ^  topical  aoplieatim  of  aaudl  anounts  of  drugs  to  ths  spleen 
before  irradiation,  histanina  dichlorate  has  been  used.  The  spleens  were  ex¬ 
posed  and  a  snail  piece  of  Saranwrap  placed  underneath  to  fom  a  anall  trough. 

The  anlnals  were  carefully  placed  in  the  exposure  ehanber.  The  drug  was  spiled 
drop  by  drop  over  a  period  of  sbout  tan  miimtes  and  the  liquid  in  the 
trough  was  stirred  and  used  to  baths  ths  spleen  unti)>  tins  to  fOece  the  exposure 
chariber  under  the  x-ray  bean. 
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In  Table  6  ara  also  givMi  data  in  which  the  drug  wae  adainiatered 
intraperitoneally  and  intraTecooaly  uaing  a  voluae  equal  to  1%  body  weii^to 
In  one  experlneDt  the  drug  wae  injected  directly  into  three  parts  of  the 
spleen  uaing  a  volume  of  lAi%  bo<l|y  weight*  The  results  are  shown  in  the 
following  table* 


TiBlS  6  ' 


SDR7mL  IN  KAI£  MICE  IRRADIATED  POLLOWINO  TOPICAL 
APPLICATIGN  OP  HISTAMINE  DICHLORIDE  TO 
THE  SPIEEN 


X«ray  Dose 
in  r 

Treatment 

(mg^./k^.,  route,  and 
time  at  z>ray; 

Survival  Ratio 
(30-Eay) 

Mean  Death 
Tine 

%  Survival 
(30»Day) 

700 

None 

0/30 

8.5 

0 

700 

250,  I.p„,  5* 

lAo 

8,5 

10 

700 

250  (neuto),  I.V.,  5» 

•liAo 

12 

liC 

700 

250,  spleen  inj.,  5* 

li/8 

21 

$0 

700 

250,  topical,  5* 

2A0 

9 

20 

800 

250,  I.Po 

0/6 

10.5 

0 

800 

250  (neut.),  5‘ 

6/9 

(13) 

67 

800 

250,  topical,  3* 

IM 

11.2 

7 

800 

250,  I.P. 

oAo 

9,9 

0 

800 

300,  I.Po 

oAo 

8,6 

0 

800 

500,  loPo 

oAo 

9,li 

0 

From  the  above  it  can  be  seen  that  in  these  mice  intraperltoneal  in<» 
jeetion  of  histamine  is  not  very  effective.  In  all  these  cases,  the  injections 
were  made  into  the  abdominal  cavity  away  f^m  the  spleeno  On  the  other  hand, 
theee  preliminary  results  suggest  that  Intravenous  injection  of  neutralised 
histamine  diehlorlde,  topical  application,  and  injection  into  the  spleen  result 
in  substantial  protection..  When  the  injection  ie  made  into  the  spleen,  the  site 
ot  injection  shows  a  narked  blanching.  Topical  application  results  in  a  blotch~ 
ing  and  darkening  appea ranee c 

In  the  earlier  eocperlmenta  (700  r),  the  drug  was  applied  to  the  capsule 
only  until  near  the  end  of  the  period,.  A  few  attempts  to  recover  the  unabeorbed 
drug  indicate  that  the  capsule  absorbs  very  little  in  time  while  that  which 
spills  over  the  capsule  so  as  to  wet  the  sides  of  the  spleen  and  the  attached 
tissue  is  absorbed  rather  quickly. 

It  nay  be  noted  that  the  neutralised  solutions  seem  more  effective. 

The  possibility  needs  to  be  considered  tha^  the  irritating  effect  of  the  low  pH 
nay  partially  counteract  ths  constricting  effect  of  the  drug.  It  should  be 
pointed  out  alao  that  the  role  of  timing  needs  further  study. 
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P^tectlon  agalnat  ioni«ly  Ir^diation  by  topical  ■ppllcatlon  of 
iiilne«ttyllaothi<ror<mlum  dleblorlde  (AfiT)  or  tar  •lectrte^  ehoelc  ^  rolem 
of  aole  i^eo«»  offoct  of  iepleoi  application  of  to  eatpoood  ■pleotui  of 
nwaniVn^^iitrf  alee  haa  been  studied*  Tte  drug  was  applied  as  described  above, 
not  neutralised  unless  otheruiae  indicated*  Included  in  this  series  was  a 
group  in  which  the  spleens  were  shocked  tagr  a  very  short  monophasie  pulsSc 
Three  shocks  were  d^ivered  to  different  parts  of  the  exposed  spleen*  Thirty 
seconds  elapsed  until  irradiation  (600  r  per  ninute)  was  begun*  The  intensity 
of  each  shock  was  sufficient  to  produce  a  strong  twitch  when  applied  to  muscle* 
No  novanent  except  that  due  to  current  spread  was  noted*  Relatively  little 
change  in  the  appearance  of  the  spleen  was  seen*  A  few  animals  in  which  the 
spleen  oxygen  tension  was  aieasured  showed  pnall  to  moderate  decreases,  with 
SOM  increasing  alif^tly*  Although  this  result  would  not  suggest  that  spleen 
shock  should  give  proteetion  through  spleen  anoxia,  some  experiments  were 
carried  out  neverth^ss*  The  results  of  these  experiments  are  shown  in 
TabU  7* 


TABIC  7 

THE  EFFECT  OP  TOPICAL  APPUC^TICH  OF  AET  CR  SPLEFM  SHOCK 
ON  SURVIVAL  OF  MAIC  NICE  AFTER  X-IRRADIATION 


X-ray  Daoe 
in  r 

Treataant 

Dose  of  AET 

Survival  Ratio 
(30-Ihy) 

Mean  Death 
Time  (Day) 

i  Survival 
(30-Day) 

dOO 

None 

0 

2Ao 

lO.li 

20 

600 

^leen  exposed 

0 

lAo 

11*2 

10 

600 

%>leen  shock 

0 

3/30 

9 

30 

700 

Spleen  shock 

0 

3/28 

9.2 

11 

TOO 

Si^en  exposed 

0 

0/20 

10.U 

0 

800 

Topical 

75 

i/lo 

13 

10 

800 

Topical 

100 

oAo 

* 

8*6 

0 

800 

Topical 

125 

2A0 

17 

20 

800 

Topical 

125  (neuta) 

li/3o 

lii 

Uo 

From  the  data  given  above,  it  can  be  seen  that  there  is  little  or  no  pro¬ 
teetion  due  to  spleen  exposure  or  spleen  shock,  over  and  above  that  due  to  the 
nembutal  (85  npB*/le9i*)  a<Mnistered  abeut  ens^half  hour  befhre  irradiation* 

On  the  other  lu^,  topical  application  of  AET  at  125  ngn.Apt*  at  IAjK  body 
weight,  eapeelally  a  neutralised  solution,  appears  to  give  appreciable  proteetion. 
Whether  or  not  this  protection  exceeds  that  for  an  intravenous  injection  cannot 
bo  dstemined  without  additional  data* 
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Protection  against  lonlalng  radijtion  frtllowlm  actelnlatratlon  of 
MBA  «d  i^lnee  ubo  inguAgi>»  o^  MA  given  15  mlmtee  before  irradl- 

•ilon  end  906  nffttAgOo  of  HallOg  20  mlnatea  before  Irradiation  give  ron^y 
the  aaaa  proteetlon  bat  neither  prodaeed  apnreelable  aunrival  at  1«3C0  r,  an 
attempt  waa  made  to  teat  tha  effect  of  giving  boths  In  the  absence  of  Intero 
action  between  the  two  compounda  each  that  either  reduces  the  effect  of  the 
ether,  than  In  view  of  tha  eynerglatlc  effect  of  anoxia  or  opleen  ahleldlng 
and  MEA,  one  might  expect  at  least  the  anoxic  effect  of  NaN02  to  act  STner** 
glatloally  with  MEAa  The  procedare  used  to  test  the  hypothesis  was  as 
fOllowa.  At  tima  aero  one  mouse  was  given  200  mgi,/}c0n,  llaN02  intraperito- 
neally.  At  5  nlimtea  ItOO  n^a. Affia  MBA  was  athiinlstered.  At  20  mlnatea 
Irradiation  was  begun.  It  lasted  2«l/6  mlnatea.  As  quickly  as  possible 
20  mpi./kpi.  of  nathylene  blue  was  administered  Intravenously  to  prevent 
death  from  the  nitrite.  The  onlauil  ws  then  given  75  n^a./kcpi.  nembutal  to 
reduce  mortality  from  the  MEA  convulsions. 

The  result  from  15  aiimals  surviving  five  minutes  past  .adalnlstration 
of  nembutal  was  as  follows*  Of  13  surviving  overnight,  six  survived  1,300  r 
for  30  doys*  Me  survivors  would  be  exoected  from  either  agent  alone,  indi-=* 
eating  on  additive  effect. 


Suiary 

la  Use  of  an  external  1/U  Inch  lead  shield  (C.l  x  2  x  0.7  cm.)  placed  over 
the  splem  of  mica  increased  the  U)^  for  whole-body  x-ray  exposxire  from 
about  Ii50  r  to  890  r.  The  adbilnistration  of  serotonin  (100 
Intrapsrltoneally)  In  addition  to  the  external  shielding  of  the  spleen 
increased  the  to  about  1,075  r  idiereas  MEA  (UOO  mgm.Agn*  Intraperlto- 
neally)  plus  splem  shielding  increased  the  to  about  1,200  r.  MEA 
alone  was  about  as  effective  as  spleen  shiddl^  alone. 

2.  Hydragrlamlne  given  prior  to  whole-body  x-ray  exposure  at  a  dosage  level 

of  $0  results  in  a  sliid^t  protection  but  increasing  the  dose  to 

200  m^aAicmo  (gl'«sn  over  a  period  of  ,15  minutes  to  minimise  toxicity)  in¬ 
creases  the  of  whole-body  x-ray  exposure  to  over  800  r  giving  a  dose 
reduction  facw  (IKP)  of  close  to  2. 

3.  Anoxia  produced  by  exposing  mice  to  an  envirannental  oxygen  concentration 
of  about  h^69i  increased  the  LD^q  of  whole-body  x-ray  exposure  to  about 
1,000  r.  Production  of  maoxia^wlthin  10  seconds  after  x-rey  e3q>osurs  gave 
no  protective  effeot* 

U.  AiMnlstratlon  of  sodium  oyanlde  at  different  times  prior  to  an  x-ray  ex¬ 
posure  of  TOO  r  showed  that  the  greatest  survival  occurred  when  the  agent 
was  given  at  four  minutes  prior  to  the  irradiation. 

5*  Experiments  involving  the  topical  apidlcatlon  of  drugs  to  the  epleen  gave 
the  following  results t  substantial  degrees  of  protection  could  be  obtained 
with  histamine  and  2-anlnoethyllBOthiourea  but  the  amounts  required  to  pro¬ 
duce  pretection  were  comparable  to  the  maount  of  each  agent  required  to 
produce  radioprotective  effects  when  ^ven  intravenously*  Electric  shocks 
to  the  spleen  failed  to  yield  a  significant  protective  effect. 
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6.  AdKlnlatration  of  UX)  ■0i.Ap>»  of  aid  200  «ga.A0>*  of  NaHO^  before 
lf3C0  r  reeulted  in  30-diQr  aonrlvore  indleating  an  additive  protective 
effeeto 
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THE  INFLUBICE  OP  EXPOSURE  TO  LCM  lEVELS  OF  OAMtt  OR  FAST 
NEUTRON  IRRADIATION  ON  THE  LIFE  SPAN  OF  ANIMALS 

I«  Briar  and  L>b«  Radleproteetlf  Effwte  in  PrDton-Imtdlntnd 
itlon  with  Chnaleal  l^roUetom 

0.  Oo  Oldfleldt  Ja  Doull»  V*  Flsak,  A<>  Rasngaiway  and 
A«  Sandberg 


TMa  ceneernai  Radioprotaetive  effects  In  alee  total-bodjr 

Irradiated  ^  energjr  TCiUO  Nev)  protons  following  pre-lrradiatien  treat¬ 
ment  with  2<eMroaptoetbQrlanine  hgrdioehloride  (NEA)  and  with  p-enlnopropio- 
phenone  (PAPP)«  md  a  oo^Mrlawi  with  alallar  effects  in  alee  irradiated  by 
250  XT.a-rayso . 

liBMdiate  or  ultiaate  application  of  the  results »  This  investigation 
has  relevance  io  ai  least  three  significant  radloproteetlon  problems.  These 
are,  the  extent  to  which  a  selected  agent  can  aodify  the  response  of  a  biologi¬ 
cal  system  to  one  particular  type  of  radiation— specifically,  high-energy 
protonsj  the  relative  effectiveness  of  two  different  types  of  radioprotective 
agents  in  aodifying  the  response  of  a  biological  system  to  this  type  of  radi¬ 
ation}  and  the  relative  effectiveness  of  one  type  of  radioprotective  agent 
casqmred  in  sgrsteaw  exposed  to  two  different  types  of  radiations— protons  and 
x-ngrs.  The  methods  and  results  of  a  first  series  of  experiments  (Series  A) 
designed  to  investigate  these  problems  has  been  given  in  a  preceding  report 
(1).  The  present  report  contains  data  obtained  in  a  second  series  of  experi¬ 
ments  (Series  B)  replicating  mad  extending  the  range  of  radiation  doses  em¬ 
ployed  in  the  first  series.  Initial  analysis  of  the  data  of  both  series  of 
experiments  confims  the  original  conclusion  that  pre-irradiation  treatment 
with  KEA  or  PAPP  is  able  to  reduce  30:dBy  lethality  in  nice  exposed  to  high- 
energy  protons.  In  addition,  examination  of  the  series  A  survival  data  out 
to  lliO  days  has  both  indicated  the  need  for,  and  suggested  an  approach  to,  a 
more  sensitive  measure  of  imdiatlon  response  than  the  conventional  indices 
provide.  Experimental  and  theoretical  bases  have  thus  been  provided  for 
fbrthsr  studies  of  radioprotection  by  MEA^md  PAPP  at  the  present  and  also 
at  lower  proton  energies. 


««««««*« 

The  experiments  of  Series  A  employed  a  range  of  radiation  doses  which, 
for  protected  anisals,  produced  mortolity  only  approaching  the  $0%  point. 

Hence,  mid-lethal  doses,  V,  had  to  be  obtained  by  aoctrapolation.  The  various 
effectiveness  indices  (dose  reductimi  factor,  relative  biological  effective¬ 
ness,  relative  protective  effectiveness)  were,  therefore,  each  afflicted  with 
an  uncertainty  related  to  that  of  the  two  D's  from  tdiieh  they  were  caleulateda 
The  purpose  of  the  Series  B  experiments  was  to  provide  a  finaer  estimate  of  the 
various  mid-lethal  doses  by  using  larger  radiation  doses  for  the  protected 
groups,  as  well  as  doses  overlapping  some  of  the  Series  A  points. 
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An  additiontl  queatlon  raised  b/  the  Series  A  a:^rl»ents  was  whether 
the  slopes  of  the  wortAIltj  versos  dose  lines  were  unduly  low  due  to  the 
randomisation  over  several  af^e  groups  (lit  to  20  weeks)  uhleh  the  experiisental 
{dan  required.  To  obtain  Infonsatlon  on  this  point,  regression  lines  for  pro¬ 
tected  and  unprotected  mice  homogeneous  in  age  to  within  one  week  were  obtained 
in  the  Seriea  B  experiments.  Tlisse  rsgresslon  lines  could  than  be  compared 
with  similar  lines  obtained  using  nios  having  a  larger  spread  in  age. 

Physioal  methods  and  materials.  The  proton  bean  used  for  the  Series  B 
experiments  was  the  same  as  ihat  used  for  Series  A.  This  bams  can  be  apeel- 
fiisd  bgr  the  following  parameterst 

Aoosleratort  170-inoh  synohroogrelotron 
Btergjrt  UiO  Mev  at  axtraetion 
l^llse  width*  UOO  mlcrosseonds 
Pulse  reiwtltion  rates  70  pulses  per  second. 

A  more  detailed  description  of  the  bean  and  irradiation  geometry  used  has  been 
given  previously  (1).  The  average  dose  rate  on  the  midline  of  a  eylindrical 
water  phantom  on  the  vertically  scanned  irradiation  plate  was  maximally  about 
UO  rad/nln.  for  the  Series  B  runs.  This  is  approximately  half  the  rate  ob¬ 
tained  in  the  Series  A  runs.  The  reason  for  this  difference  is  not  definitely 
knoun.  One  possibility  is  that  either  the  particle  trajectory  or  the  efflcien- 
cgr  of  the  actraetlon  apparatus  was  altered  due  to  nodlfleatlons  made  after 
Series  A  in  iron  strueturos  adjacent  to  the  maehina.  The  dose  distribution 
ever  the  surface  of  the  irradiation  plate,  however,  was  the  sasw  for  the  two 
runs,  as  Judged  both  from  film  exposures  and  from  ion  chamber  readings  on  the 
plate. 

f 

Specifications  of  the  x-ray  beam  used  for  the  Series  B  runs  were  as 

follows s 


Generators  Keloket 
Snergyt  2$0  Krp 
Tube  currents  15  ma. 

Sxtemal  filters  lA  >»•  oopper  plus  1  na.  aluminum 
FSOt  75  cm. 

Baokacatter  mterials  luoite 

External  oollimstors  none 

Bean  diameters  apprsKlmately  1*5  cm. 

Pending  a  more  detailed  comparison  of  the  generator  used  during  Series 
B  with  that  used  during  Series  A,  the  same  roentgen-to-rad  conversion  factor 
adopted  pzmvlously  (1)  will  be  assumed  to 'hold  for  Seriea  B. 

The  final  item  of  dosimetry  concerns  the  charge-calibration  of  the 
Vlotoreen  ehanber.  hamedlately  preceding  the  Series  B  runs,  the  Vlctoresn  set 
(chamber  and  eherger)  waa  raoallbratad  sgsinst  the  Argonne  Cancer  Reeeareh 
Hospital  (ACBH)  oobalt-60  source;  tills  (Vibration  was  then  eompered  with  a 
oommarelal  cobalt-^  calibration  (Vlotoreen  Instrument  Company)  of  the  eame 
set  for  elmilar  geometric  oondltiona  perfOimed  aix  daya  before.  The  conditions 
and  results  of  these  calibrations  are  ehown  in  Table  1.  Since  the  ecnmsrloal 
calibration  is  aoeurate  to  only  a  few  per  cent,  the  agreement  Is  quite 
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Mtiafnetory.  Thua  It  waa  fait  that  tha  eharga-eallbration  for  Sarlaa  B  had 
baan  aoMwbat  mora  raliably  aatahli^d  than  that  for  Sarlaa  A*  Qoita  apart 
from  thiat  a  naw  ralua  for  tha  half ‘Ufa  of  cobalt^  waa  raeantly  publlahed 
(2)»  Thla  eireunatanea,  along  with  tha  ralatlva  etatua  of  tha  oallbratlona^ 
haa  lad  ua  to  diooaa  tha  aicpomra  doaa  rata  used  for  the  Sarlaa  B  oallbration 
(lt5«l  r/mlmte  on  2/l$/63)  aa  tha  rafaraoQO  rata»  Tha  value  for  tha  Sarlaa  A 
oallbration  waa  than  eorraetad  to  this  rata  taking  for  tha  half-llfa  of 
cobalt-^  tha  new  value  of  5*263  yaara  (1922»3  days)*  Tha  oorraetlon  required 
for  tha  Sarlaa  A  doaaa  tumad  out  to  be  n^lglhLa  (laaa  than  1J()*  However, 
thla  calibration,  and  tha  nora  aeourata  value  for  the  half-life  of  oobalt-60, 
will  aid  In  raferanolng  tha  Tlotoraen  aat  uaing  tha  radium  calibration  aouroa 
new  available  In  thla  laboratory. 


TABIE  1 


OOBlLr-60  CALIBRATION  COIiDZTIOIS  AND  RESULTS 


Source  to 
Chamber  Distance 

Plaid  Slsa 

Correction  Factor 
(for  22®  C.) 

ACRH 

81.6  cm. 

10  on.  X  10  cm. 
(aquara) 

1.025 

Victoraan 

50.0  cm. 

10  on.  diameter 
(olronlar) 

1.037 

1.031  •  0.006  av. 
(0.65) 

Biological  watarlala  and  wathoda.  Mica  used  In  this  axparinant  were 
Carworth  ^ama  dPi,  caged  noi  nora  ihan  12  per  stalnleaa  ateel  cage  (7*  H, 

9*  V,  13**  L)  in  which  food  (Rookland  House  Diet)  and  drinking  water  were  availa¬ 
ble  ad  libitum.  All  cages  ware  hcuaad  in  a  single  room  and  were  inapeoted  for 
daad  nloa  daily  and  cleaned  weakly.  Both  proton  and  x-ray  irradlatlona  were 
earried  on  during  suceaaslve  8  to  12-bour  periods  spanning  several  days.  Tha 
mloa  used  in  any  particular  period  ware  randomised  Just  prior  to  the  beginning 
of  that  period  within  tha  age  groups  19  ^  1,  21  t  1,  and  23  ^  1  weeks  for  mala 
mica,  and  18  to  19  weeks  for  female  mloe.  An  additional  group  of  male  ailea 
lit  to  15  weeks  of  age  was  used  In  the  x-ray  irradiations. 

Chanloal  agents  used  In  this  study  were  made  up  In  oeneentratlons  that 
pemltted  the  use  of  an  Injection  volume  corresponding  to  less  than  2%  of  the 
bo^  weight  of  the  nouaa.  PAPP  was  prepared  by  dissolving  C.^.  grada  reagent 
In  propylene  glyool  with  gantla  heating  and  than  diluting  with  an  equal  volume 
of  trlpla-dlstlllad  water.  Tha  concentration  of  tha  final  solution  was  3 
mlUllltar.  NEA  waa  prepared  by  dissolving  the  C.P.  grade  reagent  in  trtpla- 
dlstlllad  water.  The  concentration  of  tha  final  solution  was  22.5  n^i.M* 

Half  of  tha  control  nice  rooalvad  one,  and  half  of  tha  control  mica  the  other, 
of  the  above  dlluants. 
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In  th«  proton  irradiatlona,  nleo  were  proeosned  ir.  batebos  of  nino} 
all  nino  raoolved  the  naae  drag  doee  and  the  earn  radiation  doao*  A  eample 
of  each  of  the  ago  gronpo  woo  need  for  oaeh  oxpoauro  at  oaoh  radiation  doao 

lovol* 


Injoetlons  vara  glran  Intnporltonaally  using  a  1  al*  syringe  and  22 
gauge  noodla,  l/2  inch  long*  After  injoetlon^  nieo  ware  placed  in  Tented 
eantrifuga  tuhaa.  A  delay  of  fiTo  ■inutes  was  Interposed  between  the  end  of 
the  Injeetions  and  the  start  of  irradiation,  during  whleh  tine  the  tubes  were 
attached  to  the  lueite  plate*  The  plate  containing  tubes  and  nice  nored  Terti« 
eally  up  and  down  past  the  fixed  bew  continuously  during  irradiation*  After 
dsllTerlng  a  neasured  radiation  dose  to  this  batch  of  mice,  the  tubes  were  re* 
■ored,  and  the  alee  sorted  into  appropriate  cages*  The  propylene  glycol  and 
the  water  control  nice  were  caged  together,  but  were  permanently  marked  so  as 
to  be  distlnguishablea  The  feaale  control  mice  were  given  water  only. 

The  x*ray  irradiations  eomaenced  one  week  after  the  end  of  the  proton 
irradiations*  The  biological  procedures  used  for  irradiations  wore  exactly  eon* 
parable  with  those  used  for  proton  irradiations,  exespt  that  the  mice  were 
proeesaed  in  batches  of  sixteen,  and  the  lueite  disc  carrying  the  nice  rotated 
continioosly  within  the  beam  about  a  vertical  axis* 


Results  ■ 

The  eoBulative  per  cent  mortality,  £,  is  shown  in  Table  2  fbr  both 
Series  A  «id  B  runs*  For  protons,  the  data  ras  been  cumulated  to  30  days  for 
A  and  28  days  for  B}  for  x«ray8,  tbs  data  has  been  cumulated  to  30  days  for  A 
and  to  21  days  for  6*  Data  beynid  21  and  26  days  is  not  yet  available  for  the 
B  series  experiments*  However,  data  presented  below  and  discussed  more  fully 
later  in  the  report  indicate  that  early  mortality  is  relatively  fully  ex¬ 
pressed  by  21  days. 

The  standard  deviation,  <J~  ,  is  calculated  on  the  assumption  that 
deaths  within  each  group  of  mice  at  a  particular  dose  level  obey  binomial 
statistics,  and  that  the  per  cent  mortality  observed  in  t  his  sanple  is  a 
reasonable  estimate  of  the  per  cent  mortality  and  would  be  observed  in  a 
large  population  of  mice.  The  number  n  is  the  original  number  of  mice  ir¬ 
radiated,  not  including  any  that  died  '3uring  Irradiation  or  during  the  first 
two  days  post-irradiation.  In  the  control  groups,  the  number  of  mice  excluded 
from  analysis  due  to  Immediate  death  (during  irradiation)  or  due  to  short-term 
death  (two  days  post-irradiation)  is  negligible.  In  groups  receiving  HEA  or  . 
PAPP  before  irradiation,  the  excluded  mice  comprise  about  5  to  1$%  of  the  ini<^' 
tial  maaber.  The  three  age  groups  irradiated  during  the  same  or  successive 
treatment  periods  all  exhibited  essentially  the  same  survival  behavior  and  ths 
groups  were  pooled  for  analysis* 

The  data  in  Table  2  ve  plotted  in  Figures  1  through  10,  inclusive,  in 
probit  units  of  mortality  versus  dose.  The  straight-line  fits  to  these  data 
have  been  estimated  by  oye*  The  21-day  x-ray  date  of  Series  B  appears  to  agree 
reasonably  well  with  the  30-day  x-ray  data  of  Series  A*  The  sane  may  be  said 
of  the  Series  A  and  B  proton  data* 


MORTALITY  DATA  TOR  CF-i  KICK  EXPOSED  TO  VARIOOS  DOSES  OF  FROTOK 

X-^DlATlOfl  . 
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Pbr  each  estimatad  atralghi-lliMi  fib  to  the  data*  the  dose  producing 
$0%  mortality*  U*  and  the  alope  of  the  line*  ^  meaaured  In  probita  per  rad* 
can  be  obtained  o  Theae  raluea  are  ooUeeted  In  Table  3»  Under  the  aaaumptlon 
that  no  large  errora  reault  frcn  the  use  of  non>identleal  aaaagr  perioda*  aaluea 
of  DRF  (doae  redaction  factor)*  RK  (relative  biblogleal  effeetlTaneaa)*  and 
RPE  (relative  proteotive  effeotivmeaa)  have  been  ealeulated  using  the  data 
of  Table  3*  Theae  values  are  presented  la  Table  li» 

The  difference  in  the  ef fleienqf  of  PkTP  a  nd  HQl  in  the  ooncentrationa 
used  for  protecting  againet  aeute  lethality  as  Judged  from  the  ERF* a  and  RFE's 
of  Table  it  seems  not  to  be  as  large  as  ms  thought  previously.  Ending  farther 
analysis  of  the  data*  the  only  eonelnsions  that  ean  be  drawn  at  present  from 
the  indices  are  that  both  RIPP  nd  KBA  protect  against  early  lethality  in  niee 
Irradiated  by  hi^-energy  protons*  and  that  the  degree  of  protection  afforded 
is  roughly  the  sane  as  that  for  medium  quality  z-'rays. 

The  naan  dose*  S*  for  female  controls  is  not  greatly  dlf  fernt  from 
that  of  males  for  either  protons  or  x-^rays.  The  slopes*  ^  for  females*  how^ 
ever*  are  steeper  than  those  for  males  for  both  radiatiobs. 

The  lii  to  l$*mek  old  control  nd  HEA  groups  are  sen  to  give  mean 
doses*  slopes*  nd  DRF's  quite  colorable  with  those  obtained  for  groups  much 
more  heterogenous  in  age.  It  nay  be  concluded  that  there  la  no  bar  to  using 
mice  In  the  range  19  •  5  waeke  of  age  for  experiments  of  this  type. 

In  Thble  5  •>«  presented  survival  data  out  to  UjD  days  for  oontrol 
(water  or  $0%  aqueous  propylene  glyool  only)  nice  given  various  proton  doses 
during  the  Series  A  experiments.  Alao  presented  are  survival  data  for  mice  in 
this  series  givn  30  mpi./k^.  of  PAPP  or  22$  wiffu,/k0a^  of  MEA  five  minutes 
prior  to  receiving  a  proton  dose  of  939  rads.  The  quantity  ^  is  the  fractional 
number  of  mice  surviving  to  any  sdeeted  time*  with  the  sane  exclusions  on 
lmr.edlate  and  short-teni  deaths  as  described  above. 

The  data  of  Table  $  are  plotted  ii^  Figures  11  to  19.  The  straight 
lines  have  been  fitted  to  the  data  by  eye  on  the  assumption  that  the  rate  of 
death  (•dq/dt)  is*  in  rough  approximation*  constant  over  successive  intervals 
of  time*  the  "constant"  being  different  for  each  interval.  Treated  in  this 
way*  the  data  exhibit  a  number  of  aystaantic  and  to  some  extent  anticipated 
trends.  First*  the  initial  rates  ineref.se  with  increasing  radiation  dose. 
Second*  the  initial  nite  of  death  is  succeeded  by  a  secohdary  rate  of  death 
proportional  to*  but  smaller  than*  the  initial  rate.  Third*  the  transition 
from  initial  rate  to  secondary  rate  occurs  earlier  in  time  and  at  a  lower 
q-value  for  larger  doses.  Fourth*  for  low  doeos*  the  initial  rate  appears  to 
be  preceded  end  followed  by  periods  during  which  the  rate  of  death  is  sero— 
a  delay*  as  it  were,  occurs  before  the  initial  rate  appears  and  also  before 
the  secondary  rate  appears.  Theae  delays  nay  be  tensed  Init^.  secondary, 
etc.  Examining  tte  curves  for  protected  animals*  one  sees  that  P^)^I^-treaied 
animals  e]q>08ed  to  939  rads  of  protons  generate  a  curve  which  has  the  quali¬ 
tative  behavior  of  that  for  control  animals  given  820  rads  of  protons.  On 
the  other  hand*  MEA-treated  animals  given  939  rads  produce  a  curve  resembling 
that  fbr  control  animals  receiving  $91  rads  of  protons. 
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TABI£  3 

MID*I£THAL  DOSE  (U)  AND  REGRESSION  LD)E  SLOPE  (b) 
OBT«INED  PSOH  !:0HTAIJTT>1XBE  CURVES  FOR 
PROTONS  AND  Z-RAYS 


Sex 

Agaa,  Waaka 

Drug  Group 

B 

b,  Problta/rad 

liliO  Mcr  protcoa 

Male 

Mala 

Mala 

Faaale 

29*  $ 

19  ^  $ 

19  ^  5 
18-19 

Control 

PAPP 

MEA 

Control 

820 

1330 

1390 

660 

0.291  X  10*2 
0.178  X  10*2 
0.176  X  10*2 
0.6ia  X  10*^ 

250  Ktp  x-rsja 

Mala 

Mala 

Mala 

Panala 

Mala 

Male 

19^  5 
19^  5 

19  -  5 
18-19 
lit  -  15 
lit  -15 

■  Control 
•PAPP 

MEA 

Control 

Control 

MEA 

1 

57C 

930 

810 

560 

610 

870 

0.583  X  10“| 
0.267  X  10“5 

0.610  X  10"? 
0.801  X  10*2 

0.675  X  10*^ 
0.513  X  10*2 

TABIE  h 

mr,  RBE,  AND  RPE  VALUES  OBTAINED  FROM  HID«LETHAL 
DOSES  OP  FROT(»fS  AND  Z-RAIS  FOR  HAIE 
MICE  19  *5  NEEES  OLD 


'''‘>>.^dlatlon 

Protons 

Z-rsTB 

BBS  -  0.70 

PAPP 

DRF  -  1.62 

ERF  •  1.63 

RPE  -  l.li3 

MEA 

DRP  -  1,70 

DRF  -  1,1»2 

RPE  -  1.72 

liSssL.,  bbe  -  ^ 

5  (control)  T5p  (control) 


\  (drug) 
(drug) 


RFS 
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TABLE  S 

mcrrioN  of  cfi  mice  subvivtw}  various  boses  op  frotcw 

RADIATION  VERSUS  TIME  POST*IRRADIATION 


Series  At  Males  1$  to  19  Weeks  Old 


\ 

N.  Dose, 

>X»ds 

Tine,  \ 

Days 

Controls 

1 

PAPP 

HEA 

235 

351 

1*68 

591 

702 

820 

939 

939 

939 

3 

loOOO 

loOOO 

1,000 

l.OOC 

1,000 

1,000 

1,000 

1,000 

1,000 

6 

n 

*  i 

II 

II 

N 

,91*5 

,829 

,972 

.971 

9 

« 

.972 

•  1 

.972 

.91*3 

,722 

.51*3 

,861 

.9ia 

12 

(t 

11 

,972  j 

.917 

.829 

.639 

,371 

.667 

.853 

15 

•  1 

« 

.91*51 

.889 

,7i»3 

-556 

If 

.611 

.735 

18 

If 

"  I 

If 

H 

.711* 

,1*1*1* 

.31*3 

A* 

ft 

21 

If 

II 

n 

.833 

.666 

H 

o286 

i  ,583 

If 

28 

n 

,861 

,917 

,778 

,511* 

If 

If 

,528 

M 

37 

H 

If 

n 

,750 

,a57 

,1*17 

,257 

,500 

II 

U2 

m 

.833 

N  ' 

,722 

n 

n 

11 

,1*17 

.706 

li9 

o9n 

n 

n 

,695 

It 

If 

fl 

,389 

,61*7 

56 

M 

«' 

,889 

,667 

11 

,389 

,229 

’  'll 

,618 

63 

,91*3 

If 

II 

,639 

If 

IV 

IV 

n 

II 

70 

!  V 

If 

M 

1  • 

n 

n 

n 

,361 

n 

77 

N 

« 

II 

.611 

It 

fi 

IV 

If 

» 

8U 

II 

,006 

II 

II 

n 

n 

IV 

11 

n 

91 

If 

II 

If  ' 

m 

IV 

,278 

n 

100 

n 

H 

o86l 

II 

II 

II 

11 

K 

VI 

105 

o91U 

,778 

,833 

,583 

II 

H 

,200 

It 

,588 

Ulj 

,086 

n 

,778 

II 

IV 

N 

N 

II 

II 
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tt 

m 

11 

II 

IV 

,333 

IV 

n 

II 

126 

If 

,750 

If 

II 

11 

If 

.171 

n 

II 

133 

N 

.695 

M 

H 

n 

11 

fl 

n 

11 

l]tO 

o857 

n 

If 

II 

n 

n 

« 

n 

II 
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Flgur*  16«  SnrvlTliig  fraction  of  CF.  male  mice  given  vriiiele  on]^ 
▼eraua  tim  after  820  reds  proton  Irradiation  (Series  A), 


Tim  (dayB) 


Tine  (dagrs) 
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Figure  19o  Sunrivlng  fraction  of  CFi  male  nice  given  225  nga.Ag*-- 
MEi  veraua  tlaw  after  939  rada  proton  irradiation  (Seriea  A)» 
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Diaeuasion 


Aa  mantlonad  prarloualy,  the  data  of  Series  A  and  B  experimenta 
eannot  be  fully  analysed  for  aurrlval  until  nore  tins  has  elapaed.  The 
aurrival  data  for  Seriea  A  proton-irradiated  aniaala  at  II4O  days>  howeverf 
already  indicate  certain  limitations  of  su^  response  as  WF,  BBE,  and  RFE 
measured  at  30  days')  These  liidtations  are  probably  not  peculiar  only  to 
the  proton  data}  the  latter  are  used  here  si^ly  aa  illustratireo 

First,  if  the  Initial  and  secondary  rates  of  death  estimated  by  the 
lines  of  Figures  11  to  19  are  assumed  to  indicate  the*  oeeurrsooe  of  two  differ¬ 
ent  processes  leading  to  death,  the  sunriring  fraction  at  30  days,  q.«q,  may 
result  from  none,  one,  or  both  of  these  processes  depending  on  the  obm  ueed« 
For  example,  in  Figure  11,  c^  occurs  during  the  initial  delay  and  so  is  not 
affected  either  by  the  initial  or  secondary  rates  of  death  idiieh  followi  in 
Figure  12,  results  from  the  occurrence  of  a  portion,  but  not  all,  of  the 
initial  rate'^of  death}  in  Figures  16  and  17,  i^Bults  from  both  the  ini¬ 
tial  and  a  part  of  the  seoondaty  rates  of  deatn.  Second,  and  quite  apart 
from  any  tqrpotheses  as  to  its  cause  or  nature,  the  data  of  Figures  11  to  19 
indicate  that  the  rate  of  death  per  mouse  is  still  changing  at  30  days  for 
most  of  the  doses  used,  though  perhaps  less  rapidly  than  at  earlier  times. 

The  choice  of  30  days  as  the  assay  tine  in  this  system  thus  appears  to  hare 
oonrenienee  and  convention,  but  not  a  great  deal  more  to  receasnend  it»  Spe¬ 
cifically,  the  significance  of  the  value  of  q  obtained  at  30  days  to  the 
irttole  temporal  phenomenon  of  survival  after  irradiation  is  obscure. 

If  the  assay  point  were  placed  far  enough  out  in  tine  for  a  plateau 
in  survival  to  be  reached,  the  significance  of  such  a  plateau-q  would  be  much 
clearer  than  that  of  the  Whether  such  plateaus  exist  for  this  system  is 

not  known  at  present,  but  Ois  method  of  assay  would  presumably  require  periods 
of  tine  at  least  greater  than  UK)  days.  For  mice  of  these  ages,  the  behavior 
of  £  nay  begin  to  depeod  on  aging  processos  as  well  as  on  the  experimental 
stress  used,  or  on  some  combination  of  these  not  easily  separable  on  the  basis 
of  the  survival  data. 

I 

Another  much  used  assay  point  is  the  time,  required  for  half  of 
the  initially  treated  nice  to  die.  This  assay  point^s  about  the  same  llsii- 
tations  on  significance  nd  applicability  as  the  previously  discussed. 

These  considerations  suggest  that  it  may  not  be  possible  to  adequate¬ 
ly  describe  the  survival  behavior  of  irradiated  populations  of  animals  using 
single  constants  or  one-parameter  families  of  curves.  In  this  event,  when  a 
description  of  more  complex  survival  behavior  is  required,  the  question 
arises I  now  shall  radioprotection  or  other  relative  effects  be  evaluated? 

A  method  will  be  proposed  here  which,  to  the  authon)*  knowledge,  has  not  as 
yet  been  used  either  in  radiobiology  or  radioprotection  studies.  The  basic 
notion,  however,  originated  in  the  population  dynamics  formulated  by  Volterra 
(3).  The  quantity  of  interest  is  the  time  integral  of  the  fraction  of  animals 
surviving  to  any  specified  time,  which  we  shall  call  the  survivance, 

/b 

qdt. 
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Ifc«  ehlof  Tirtu*  is  that  It  rsflaets  not  slnply  the  Tslue  of  £  attained 
hjr  tiae  ^  but  the  entire  ti»e  eourse  of  the  sunrival  prooeea  up  to  time  t. 
R^My  speaking,  the  surrivsnee  is  a  eoabined  measure  of  both  how  maiigr  ~ 
individuals  survived  nd  for  how  long.  A  measure  of  the  relative  effeot  on 
survival  up  to  tiae  t  of  any  stress  is  given  by  the  ratio  of  survivanees  to 
that  tiae  of  two  groups,  one  stressod,  the  other  not«  A  aeasure  of  the 
relative  effeot  on  survival  up  to  tine  t  of  two  stresses  is  given  by  the 
ratio  of  survivanees  of  two  groups,  eaoiK  receiving  one  of  the  stresseso 

A  further  virtue  of  the  concept  of  survivanee  is  that  it  may  be  ux” 
peeted  to  correlate  more  closely  with  other  biological  measures  of  radiation 
effects  than  do  the  conventional  indices >  As  a  simplified  exa^>le,  suppose 
a  group  of  untreated  irradiated  animals  show  a  £  of  1,0  until  five  days, 
after  which  £  falls  to  0,5  at  30  daysf  and  suppose  a  group  of  treated  ir¬ 
radiated  animals  show  a  £  of  loO  until  15  days,  after  which  £  again  falls 
to  0,5  at  30  days.  The  £^  for  each  of  these  groups  is  the  same}  the 
for  these  groups  is  also  xne  sane.  One  would  not,  however,  expect  the'ndi- 
ation  pathology  or  bloehenistry  of  either  the  survivors  or  of  tbs  mice  that 
died  to  be  the  sans  in  both  groups  when  it  is  known  that  differences  in  ths  tiam 
course  of  survival  exist.  Whether  such  a  measure  as  survivanee  would  in  fact 
exhibit  properties  that  correlate  well  with  other  biological  data  remains  a 
matter  for  investigation;  the  conventional  indices,  however,  would  clearly 
be  unable  to  oope  with  this  type  of  situation. 

Inspection  of  Figures  17,  16,  and  19  irtwws  that  at  any  tins  up  to 
about  100  <4ys  post-irradiatioa  the  survivanee  of  MEA-treated  alee  is  greater 
tlisn  that  of  PAPP-treated  mice,  uhidh  in  turn  is  greater  than  that  of  control 
mice  reeeiving  v^iole  only.  Thus,  based  on  survivanee,  we  would  oonolude 
that,  in  this  range  of  drug  and  radiation  doses,  HEA  protects  mors  affeotive- 
ly  than  PAPP  agaiMt  high  wargy  protonsi 


1,  Previous  studies  of  radioprotection  against  liUO  Mev  proton  radiation 
have  bean  replicated  and  extended  confirming  the  original  conelusioo 
that  pre-irradiatim  treatmant  with  NEA  and  PAI?  are  able  to  reduce 
30-day  mortality  in  mice, 

2,  A  new  assay  parameter,  scryivsnee,  defined  as  tbs  time  Integral  of  the 
fractional  nuaher  of  aniaMis  sui^ving  to  a  given  time,  is  introduced 
and  several  of  its  properties  and  Intended  uses  discussed  qualitative¬ 
ly, 

3,  Judged  on  the  basis  of  the  survivanee  at  100  days,  NEA  protects  more 
effectively  than  PAPP  against  UiO  Hev  protons. 
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TUB  INFLDEIICE  OF  BiCPOSDRE  TO  LOW  lEVELS  OF  OAMItt  CR  FAST  NEOTROH 
ntRADZATIOK  ON  THE  LIFE  SPAN  OF  ANIMALS 


n»  Ofy  — d  Miereawple  P«t^lopr  to  Mle«  OItw  Chwdeal 
B»dloprei>etiT»  ^rtor  to  Irradiation  ifltb 

llltO  Mt  Protons 
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7.  Fliakf  and  J«  Dooll 


TMj  raport  eonoarMt  Autopay  and  hlatopathologloal  findings  in  the 
tlsaoaa  of  iule  alee  g^en  2-«MreaptOBctl9lanin8  (MBA)  or  p-aninopro^e- 
phanone  (PAIP^  prior  to  vhole-body  Irr^iation  with  high-anargy  (liUO  Mar) 
protons  or  x-rtyao 

Baaadlata  or  ult^to  applloatlen  of  the  raaultat  Inforaation  is 
needed  eonoeming  tbe  relative  Uologieal  effeeilvenese  of  high-energy  protons 
in  aantMllan  ayataB»«  Kaaing  begun  studies  to  obtain  infonaation  of  this  tjrpe^ 
it  was  adrantageous  to  ooneurrently  evaluate  the  ability  of  ohenioal  radio¬ 
protective  agents  to  prevent  danage  to  sueh  systsMo  In  addition  to  the  praeti- 
eal  value  of  sooh  studleSf  they  are  of  eozudderable  theoretical  interest  with 
regard  to  the  relationship  of  LET  to  radiation  injury  and  to  tbs  neehanisei  of 
action  of  the  ehesdoal  radioprotective  agents*  The  studies  described  in  this 
report  oonstitute  part  of  a  prograa  designed  to  provide  infomaticn  on  the  bio- 
1^0  effects  of  fai^-snergy  proton  irradiation,  protection  against  these  ef¬ 
fects,  and  a  eonpa  risen  with  results  obtained  using  radiatitms  having  other  LEf 
values  (10-50  Heir  electrons,  relativistio  neutrons,  lower  energy  protons, 
ete.). 


•««»«»«* 

Previous  studies  describing  bistopathologioal  findings  In  the  tissues 
of  proton-irradiated  aniaals  have  bean  desi0Bed  prinsrily  to  investigate  the 
therapeutic  value  of  such  radiation  in  the  treataent  of  nalignanoies  and  for 
radiosurgery-  As  a  result,  the  infovnatlon  obtained  concerns  mainly  the  ef¬ 
fects  of  partial-body  localised  irradiation  rather  than  of  idiole-body  exposure. 
The  possible  uses  of  the  unique  properties  of  hl{d>  energy  protons,  dmterons, 
and  alpha  particles  in  oncology,  neurology,  eto.  have  been  dieonssed  by  Vilson, 
Tobias,  Filkasr,  and  others  (1-7)  in  reports  which  include  descriptions  of  the 
pathologic  effects  of  proton  beam  Irradiation  of  the  pituitary,  hypothalmus, 
and  of  other  parts  of  the  central  nervous  system.  A  oosiparisoo  of  the  cataraeto- 
genlo  effecta  of  protons  and  alpha  particles  in  the  monkey  has  been  provided  by 
the  studies  of  ZoUner  and  Allen  (8)  who  conclude  that  the  RBE  for  cataraeto- 
genesia  is  about  2-0  for  proton  irradiation  and  about  1-0  for  alpha  radiation 
relative  to  eobalt-60  gamma  radiation.  Wa^shaw  and  Oldfield  (9)  found  that  90 
Msv  protons  are  about  two  tines  as  effective  as  250  Kvp  x-irradiation  in  re¬ 
ducing  the  wcl^t  of  the  spleen  and  thymus  of  whole-body  irradiated  lAFi  nieea 
The  <^ly  other  irtwle-body  proton  irradiation  studies  with  irtiich  we  are  fmaillar 
are  those  of  Tobias,  Anger,  mil  Lawrence  (lO)  who  used  strain  A  nice  sgqpcsed 
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to  315  M«r  protons  and  XurIjrandjrBkya  and  ooworlcara  (11)  who  irradiated  idiite 
Mle  Mica  with  66O  Mar  protonaa  Beeaoae  of  tha  apparent  aoareity  of  lnfnr> 
nation  ooneeming  the  histolocieal  effects  of  whole-bod7  proton  irradiation 
in  aninalSf  it  was  of  Interest  to  earry  oat  both  gross  and  nieroscopio  SKsni* 
nation  of  the  tisanes  of  nice  expoead  to  WiO  Her  protons  in  one  of  tha  eurrent 
progiWRS  of  this  laboratory. 

The  stadlaa  presented  in  this  report  oonprise  the  initial  obserrations 
Bade  in  those  adoe  dfing  within  30  days  after  exposure  to  either  protons  or 
x-nqrsa  A  relatlrely  small  nwd>er  the  aniatals  exposed  to  eaeh  of  the  dose 
lerels  of  either  protons  or  x-rays  hare  been  eacanlned  nul  only  those  which  were 
exposed  to  the  higher  radiation  doee  lerels  are  preaantad  in  this  report.  Ad¬ 
ditional  studies  hare  been  carried  out  in  which  groups  of  nice  exposed  to  either 
UiO  Her  protons  or  2$0  Krp  x-rays  hare  been  serially  sacrificed  daring  the  ini¬ 
tial  post-irradiation  period,  and  it  is  planned  to  extend  these  studies  to  In- 
clnde  an  inreatigation  of  tha  paUtoganesis  of  soste  of  the  delayed  effects  of 
axpoanre  to  the  two  types  of  radiation. 

Materlala  ami  Methods.  Detailed  descriptions  of  the  idgnsieal  and  bio¬ 
logical  BSEEo38l^IoySnS~Eba  irradiation  of  the  animals  hare  been  presented 
in  a  prerioos  report  (12).  All  of  the  nice  used  for  the  present  study  were 
adult  nalea  (1$  to  19  wedcs  of  age)  selected  from  aereral  shipsents,  randonised, 
and  assi^aed  to  the  rarious  proteoted  or  control  groups  shown  in  Table  1.  Only 
a  snail  fraction  of  the  aninals  esqpoeed  at  each  dose  lerel  were  included  in 
these  studies  and  only  those  dose  lerels  which  produced  appreciable  nortdllty 
within  the  30  days  after  tha  radiation  exposure  hare  been  inrestigated.  The 
tissues  of  Irrsdiated  nice  were  obtained  fron  aninals  which  died  during  the 
first  30  dsys  sftsr  radiation  axposurs  or  which  wore  eaerlficed  in  an  obrlous- 
ly  eorlbund  oondition.  Dbring  the  poet-irradiation  period,  the  cages  were  In¬ 
spected  twice  dally  for  dead  nice  and  autopsies  ware  carried  out  on  all  of  the 
dead  aninals  exeapt  whare  poatHaortam  autolysis  nade  this  iBqpractieal.  The 
fbllowing  tlesues  were  routinely  taken  fbr  the.  histological  axaninationt 
llrer,  kidney,  spleen,  heart,  lungs,  tlynus,  testis,  lymph  nodes  (mediastinal 
and  nsaenterie),  dudoemn,  panereaa,  and  stemoa.  'The  tissues  were  fixed  in 
neutral  buffered  fomalin,  eeibedded  with  paraffin,  and  stained  routinely  with 
hanatojqylin  and  eosin.  Prosen  soctions  of  the  lirer  of  most  of  the  aniwele 
were  prspered  and  stained  with  Oil  Red  0  for  fet.  Sections  of  eorie  of  tha 
hearts  were  stained  with  Prussian  Blue  for  heaoeidorin  and  oeeesional  eeotlons 
of  tha  liTsr,  kidney,  or  lung  were  etelned  with  nothylene  blue  for  baeterie. 
Sevaral  aeetions  of  the  splosn  frm  thoee  ^laals  and  eoae  of  the  bone  narrow 
Boetlons  were  etelned  with  Asnre-eoelnate. 


Results 

OrwB  paOwlogic  findlnge  in  ntee  exiwsed  to  w^le-tedy  proton  or  x°radl- 
etlon  and  ^  influej^  of  pte-irradiation  adwln^tratiOT  of  radioprotectlwe 
Msn^  ro  ihaeo  findings.  The  najor  groea  pathologic  findings  in  the  proton- 
irradiated  nioe  ere  supiaflsed  in  Table  2.  The  noet  frequent  patholo^  finding 
at  autopsy  In  these  xilmale  was  hmorihage  In  the  forn  of  petechiao  or  eohynosie 
imrelwlng  rathar  large  areas  of  the  affected  organs.  The  organs  most,  frequently 
involwed  were  the  la^s,  testis,  brain,  lyeph  nodes,  and  adrenal  glands.  Hanor- 
rhegee  were  else  obsorwied  in  warlone  parts  of  the  gastroibtoetinal  tract  (in- 
eludiiig  the  lirer),  in  the  arineiy  bladder,  kidasy,  abdonlnel  flubentanaone 


TABU  1 


NQMBRR  OP  AlflHAlS  FXAMTNED  AND  MEAN  TIME  OP  DEATH^ 
PDR  VARIOUS  mOTON  DOSES  AND  C1I9I1CAL 
FROTECTGRS 


Pr«-lrradlatiai 

Protan  Radiation  Dose 

TraatMot 

Oroap  I 

0  rad 

Orotqp  II 
939  rade 

Qreup  ni 
820  rads 

Oroup  17 
702  rads 

Propgrlane  glTOol  plvui 

7 

6 

1 

H2O 

8 

11 

9 

WaUr 

5 

U 

6 

9 

3 

11 

6 

16 

NEA 

5 

u 

6 

10 

2 

11 

2 

18 

PAPP 

5 

u 

6 

17 

3 

2 

U 

Nona 

5 

U 

•  • 

•  » 

m  9 

°o  r  McnfiMc 


^’Dqra  post-inJtetioDn 
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TiBI£  2 

FREQUENCY  AND  SEVERITY  OP  HAJOR  GROSS  A  THOLOGIC  HNOINQS 
IN  FROTON-ZRBADZATED  MICE 


Major  Groea  Pathologlo 
Fihdings 

Chemical  Protectors 

Proton  Radiation  Doses 

Group  I 
0  rad 

Group  n 
939  rads 

Group  nx 
820  rads 

Group  IV 
702  rads 

Propylene  glyool 

0/5 

3/7 

BHI 

oA 

and  water 

b,b,b 

Water 

0/5 

U/6 

2/6 

Hmaorrhagie  fbei  in 

a,a.a,b 

llrer  and  lungs 

0/5 

2/6 

2/2 

1/2 

*»> 

a 

'  PAPP 

C/5 

2/6 

1/3 

a,a 

a 

None  1 

0/5 

«  A  O 

•  •  » 

0*0 

Propylene  glycol 

!  0/5 

2/7 

3/6 

and  water 

a,d 

a,b,e 

Hemorrhages  In  the 

testis  and  sometimes 

Water 

0/5 

2/6 

1/3 

3/6 

mesenteric  lymph  node. 

b.b 

a 

a,b,b 

adrenal,  bladder. 

0/5 

2/6 

1/2 

0/2 

OoIoT»  cenr-  loh^,' 

b,b 

a 

kidnsgr 

RIPP 

0/5 

3/6 

1/3 

1/2 

b,b,b 

a 

a 

Nona 

0/5 

o  •  o 

A  •  O 

0*0 

Propylene  ^yool 

0/5 

1/7 

3/6 

oA 

.  and  water 

b 

a,a,b 

Patchy  hemorrhages 

Water 

0/5 

1/6 

0/3 

1/6 

la  the  brain 

a 

a 

HEA 

0/5 

0/6 

1/2 

0/2 

PAPP 

0/5 

2/6 

1/3 

1/2 

a,a 

a 

a 

•  ■  mild,  b  ■  moderate,  c  •  nakred,  d  -  very  marked 

I 


TABIE  2— ContinMd 


Kojor  Oross  Bttbologle 
Findings 

Proton  Radiation  Ooees 

Chenloal  Proteeton 

Oroup  I 

0  red 

Oroup  II 
929  rads 

Oroup  III 
820  rads 

Oroup  IF 
702  rede 

Propylene  glyool 
end  water 

0/5 

1/7 

b 

1/6 

a 

oA 

Veter 

0/5 

0/6 

0/3 

3/6 

a,a.a 

5kttgr  llvara 

0/5 

1/6 

b 

0/2 

pfcpp 

0/5 

1/6 

e 

•  •  « 

Heme 

0/5 

•  •  0 

H 

Prqpylene  glyool 
end  water 

0/5 

lA 

a 

0/6 

oA 

Water 

0/5 

0/6 

0/3 

1/6 

Naerotio  llvar 

MEA 

1 

0/5 

0/6 

0/2 

0/2 

PAPP 

0/5 

0/6 

0/3 

0/2 

Nam 


O  o  o 


tissttotj  and  oven  In  th*  heart  of  a  few  cuiii^als  given  the  highest  doeea  of 
nhole-bodljr  proton  radiation.  Another  freciaent  finding  was  modorsto  to  aarked 
fatty  change  in  the  liver.  One  of  thu  enioale  i)i  oaeh  of  tiia  hlg'i  doso  l^vel 
groupe  had  pln-polnt  grayiah  nodulefi  In  tlie  li/er.  Tlwre  itto  a  soft  stone  in 
the  urinary  bladder  of  one  aouae  glvei'.  Um  'liglient  dose  of  proton  radiation 
and  an  absocas-like  lesion  was  aocn  in  ttie  ophthalnte  lobe  of  the  bruin  In  a 
■ouao  from  the  group  given  702  reds  of  protons. 

The  major  gross  pethPlOf^o  findiags  in  the  x<*lrradlatad  nice  are  sumam- 
rised  in  Table  3.  Hemorrtiagea  similar  to  those  seen  In  the  proton-irradiated 
ardnals  were  seen  in  naunr  of  the  x-rayed  aloe.  The  organs  BMst  firequaotly  in- 
velvad  were  the  brain*  lunga*  testis*  and  Iddneyn.  Fatty  livers*  mostly  of 
mild  dsgree*  were  also  Observad  oeeaHenalXv  mad  ons  enlwal  had  pin-point 
whitioh  speto  in  the  liver.  ^ 

Tbo  spleen  and  testis  weights  for  non-inudiated  groupe  of  mloe  given 
the  various  pre-lrradlation  treatmants  11  days  before  saorlfioa  have  been  coo- 
oared  with  ths  values  from  the  animals  given  939  Pods  of  proton  radiation.  Tbo 
rooulto  are  presented  in  liguroa  1  end  2.  It  om  bo  seen  that  at  death*  both 
opleon  Md  testis  weights  are  depreased  relative  to  those  of  non-lrradiatod 
aaimala.  The  firaetioual  daoreaae  found  is  greater  for  spleen  than  for  testis 
end  there  is  no  narked  indioatian  of  any  reduction  in  weight  loss  due  to  the 
edminiatratioo  of  tbs  proteotive  subetaneee. 

>H.croaoopie  findlnge  In  the  tissues  of  nice  exposed  to  whole-bodbr 
go^  or  x-rodiottoo  wlth^  ^toout  prtor  t^traent  by  ehemle^  r^op^ 
y  tive  ogen^«  yfae  rwiiia  ■fee  nigOBCoplo  eocacinallon  of  tbe  tissues  of 
ibs  anin^  Imluded  in  these  studies  are  presented  in  Tables  h  and  5*  The 
major  findings  were  seen  in  tbs  spleen*  bom  mrrow*  liver*  and  testis. 

Moot.  There  was  Pdld  to  marked  atrophy  of  ths  lynphoid  tissue  in 
all  of  tbs  groups  mcpoeed  to  higb-«nsrgy  protons  iumI  the  severity  of  these 
ehmages  appeared  to  be  related  to  the  radiation  doee  acMnlstered.  An  inter- 
eoting  finding  was  the  apparent  faster  recovery  of  the  hanatopoletic  STateo  in 
the  animals  given  the  radioprotaotlve'  agents  prior  to  the  proton  exposure.  The 
recovery  of  the  oells  in  the  nysloblastie  and  erythrbblastie  aeries  appeared 
to  be  nore  rapid  in  the  mica  f^ven  either  the  MEA  or  the  RAPP  prior  to  expo¬ 
sure.  Congestion  of  the  spleen  was  narked  in  several  animals  st  each  dose 
level  of  proiton  radiation.  Extramedullary  hematopolesia  was  ptresent  in  ths 
spleens  of  all  non-trradlated  eontrol  miee  In  marked  to  moderate  degree. 
ExtramduUary  bematopoissis  was  abasnt  or  markedly  reduced  In  all  of  the 
non-proietrted  proton  irradiated  animals*  bat  was  present  In  the  ales  protsoted 
by  either  MEA  or  PAPP.  Hoaooidsroels  wae  noted  in  all  of  the  miimala  oacamlned 
0^  did  not  appear  to  be  related  in  degree  to  the  radiation  exposure. 

In  the  xxayed  aLoe*  there  Wei  atrophy  of  the  l]«phoid  tissue  bat  this 
was  less  narked  in  the  idoe  given  the  radiopreteetivs  agents  prior  to  the  z-ray 
oaq;>ooure.  The  miee  treated  with  PAPP  and  MEA  exhibited  atrophy  of  the  ly^iboid 
tiesne  also*  but  rseovery  of  tbs  bematopoietio  oalla  in  tbeas  animals  (partiou- 
larly  of  the  granulopytio  series)  appeared  to  be  stimulated.  The  non-proteeted 
Xi^ayed  aloe  exhibited  moderate  oongeatlon  of  the  spleen.  The  non-protsoted 
■lee  exhibitad  lees  wtr—wtillsiy  bsnatopoiesis  in  the  spleen  than  the  aloe 
glvn  either  MBA  or  PAPP.  The  pre-lrrediatian  administration  of  the 


TABLE  3 


Figure  1.  Spleen  weights  rt>r  wirradtated  Mice  saertfleed 
at  11  days  post-injeetionf  0  «  and  fUr  nice  not  sunriring  939  rad 
protonsy  O  •  Standard  deration,  □  »  of  individual  values  froa 
mean  shown  for  unirradiated  aiceo 


sots 


Figur*  2,  TMbu  waighta  for  unlrradiated  nice  Mcrlfieed  at 
days  poat-iivjaotloii,  0  •  and  for  niee  not  aarvlTlng  939  rad  pretona, 
.  Standard  deviationf  D  «  of  individual  valuaa  from  aiean  atean  for 
Lrradiatad  aioa. 
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TREOIENCT  AND  SEVERBT  OF  MAJOR  HISTOPATHOLOGIC  FINDlNaS 
IN  X-IRRAOdATED  MICB 


Major  Hiatopathologlo  Findloga 
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Bone  warrow 
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Major  Hlatopathologle  Plndiags 
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radloprateetiTa  agents  tfaos  appeered  to  eohanee  extraDadiillary  henatopoieala 
in  the  3»«a^d  adoa. 

Bone  narrwr.  All  of  the  idee  expoeed  to  the  proton  radiation  eaddbited 
liypoeeliSItfiiy  of'  moderate  to  very  narked  severity.  The  effect  appeared  to  be 
directly  related  to  the  adrainLetered  proton  doee  and  was  less  severe  in  the 
niee  pretreated  vith  the  radioprotective  agents  MEA  or  RAPP  before  the  radi¬ 
ation  exposure.  In  the  bone  marrow  sections  fircn  the  nice  given  820  or  939 
rads  of  proton  radiation^  the  only  cells  which  remained  in  several  areas  es> 
andhed  were  the  elnuaold  lining  cells»  a  few  phagocytes  and  soe«  quite  abnarmal 
negakariooytes.  Other  areas  contained  also  a  few  plasma  cells.  Congestion  of 
the  bone  narrow  was  another  frequent  finding  in  the  proton-irradiated  niee  and 
the  pr^irradiatlon  adninlstratien  of  PAPP  and  MBA  decreased  the  severity  of 
this  effect.  The  adninlstration  of  the  radionrotectlve  a«ents  appeared  to 
stiflailate  recc'ery  of  the  cells^  particularly  the  myeloid  elements.  PAPP  ap¬ 
peared  to  be  somewhat  more  beneficial  in  this  respect  although  there  was  little 
significant  difference  in  the  final  histological  effects  in  the  animals  given 
the  two  agents.  Recovery  waa  also  observed  in  eone  of  the  given  the 

lower  dose  (702  rads)  of  protons. 

The  x-rayed  ndee  also  exhibited  hypocellularity  and  congeetion  of  the 
bone  marrow.  Theae  effects  were  less  marked^  however,  in  the  mice  pretreated 
with  either  >IEA  or  PAPP.  There  was  also  enhanced  recovery  of  the  odls  in  the 
bone  marrow  aeotions  from  the  MBA  and  PAP^treated  animals  but  contrary  to  the 
effects  seen  in  the  proton-irradiated  animals,  HRA  appeared  to  bo  more  effective 
than  PAPP  in  promoting  recovery  in  the  x-rayed  mice. 

Thymus.  Atrophy  and  congeetiao  were  frequent  findings  in  the  thymus 
of  the  proton  irradiated  raLce.  The  radiqxrotoetlve  pretreatiaent  partially  pre¬ 
vented  these  changes  and  cellular  recovery  in  ihis  tissue  appeared  to  be  eone- 
what  accelerated.  lymphadenitis  was  observed  in  one  of  the  nice  given  702  rads 
of  proton  radiation,  and  one  other  animal  given  this  dcee  exhibited  an  abscess 
in  the  mediastinal  fat.  The  histological  effects  of  the  proton  irradiation  in 
the  neaentorie  and  mediastinal  lymph  nodes  were  similar  to  those  seen  in  the 
ttymus  except  that  the  lymphoid  atrophy  was  often  accompanied  by  severe  ainua- 
oidal  dilatation  and  occasional  hemorrhaging.  These  changes  were  also  less  se¬ 
vere  in  the  aalmals  given  the  HEA  or  PAPP  pre-irradiation  treatnento 

Mild  to  moderate  atrophy  of  the  lymphoid  tissue  of  the  thymus  and  lymph 
nodes  was  also  observed  in  the  nice  expoeed  to  whole-body  x«lrradlation  and 
these  changes  were  again  reduced  in  severity  in  the  ndoe  given  MEA  or  PAPP  prior 
to  the  x-ray  exposure^ 

Testis.  There  was  atrophy  of  the  seminiferous  tubules  in  the  ndee 
given  70?  rads  of  proton  radiation  with  or  without  the  radioproteetive  treat¬ 
ment.  Pooal  aspermatogenesis  of  sane  of  the  tubules  was  present  in  a  few  of 
the  animals  given  820  and  939  rads  of  proton  radiation.  Gtie  of  the  aniwalm 
pretroated  with  PAPP  which  survived  for  3U  days  after  939  rads  of  proton  radi¬ 
ation  exhibited  a  nearly  complete  aspermatqgeneais.  There  waa  a  marked  decrease 
in  the  number  of  germinal  cells  and  in  some  tubules  only  the  Sertoli  cells  re¬ 
mained,  while  in  others  bizarre  spermatogonia  and  spermatooytes  together  with  a 
decreased  nunbei:  of  sperm  were  present.  Mitotic  figures  were  absent  in  the 
cells  of  many  tubules  and  markedly  decreased  in  others.  Most  of  the  seetions 
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from  tlMM  ■nttlf  mhlbltod  •  of  ofcvDphle  and  aeUim  MUlAiforaaf 

tatelMo  ooootleiially  oontoinlne  bium  ailtiaaoloatoci  o«11n»  Pindinga  In 
tho  niot  glvin  820  tod  932  rtdi  wort  aiailar  lo  tlion  reoslvtas  708  ndSf  oxoopt 
for  foNor  aunbon  of  uturo  fponttida  tad  noturo  Tho  liMofe  dmoeo  $p" 

poorod  le  ho  in  tho  tootii  of  tho  nioo  givon  tho  pi^etlvo  agtihto  prior  to  proton 
onpoottfoa  fii  addition  to  tho  tubular  ohotogiMf  Utoro  tAo  aloo  »ovuro  oenguotlon 
of  tho  intorotltlal  tloouo  and  honorrhago  inwelrlng  tho  tanlot  olblooo 

Fooal  •spanutogenooio  was  obsorved  in  the  testis  of  a  few  of  tbs 
x-rayod  adLea  and  In  all  of  tha  XHrajred  aninals  irideh  had  baan  given  aitber 
ICA  or  RAPP  prler  to  tha  radlatien  exposire.  Tha  saveritr’  of  tha  ebangas  ap- 
pearad  to  ba  greater  In  tha  protaetad  group  of  aiea.  Concestioo  of  the  inter¬ 
stitial  tissue  was  also  noted  in  the  x-rayad  nice  gi^«n  6^  rads*  The  findings 
in  these  sninals  were  generally  aiailar  to  thoea  seen  in  tha  nice  given  proton 
irradiation* 

liver*  Moat  of  tha  animals  exposed  to  the  proton  radiation  exhibited 
vaeuolizailm  of  the  cytoplasm  of  the  hepatic  cells  in  the  periportal  region* 

ohanges  were  noted  In  a  few  of  the  control  aninals*  The  sections  of 
ths  liver  of  ndoe  which  exhifalted  these  ohanges  stained  positively  fa*  fat  with 
Oil  Red  0*  Another  frequent  finding  in  the  protoo-irradiatad  ndoe  wan  mild  to 
moderate  irregularity  of  the  hapatie  cell  nuclei*  Both  bype^rohronie  and  pale 
nuslal  were  observed  azid  there  were  scattered  fool  of  necrotic  cells  with 
henoxThage  in  sections  from  several  of  the  pirotoo-raliated  nice*  Ths  henor- 
rhaglo  lesions  were  rendnisceat  of  pellosis  hepatic  in  hunans  in  that  there 
appeared  to  be  dissolution  of  the  liver  fruaework  with  subsequent  filling  of 
the  spaces  with  blood* 

Vacuolization  of  the  cytoplasn  was  seen  in  the  hepatic  cells  of  most 
of  the  alee  exposed  to  the  whole-bocfy  x-irradlation*  These  sections  also 
stained  positively  for  fat  with  Oil  Rod  0*  The  sise  and  shape  of  the  nuclei 
varied  oonslderably  in  the  x-irrndiated  mice  and  there  was  moderate  to  marked 
fooal  neerosls  in  several  of  the  liver  sections.  Hasslve  focal  hemorrhages 
sinller  to  those  seen  in  some  of  the  sections  from  the  proton-irradiated  mica 
were  observed  in  sections  from  one  mouse  which  had  been  given  666  rads  sad  in 
another  given  KEA  prior  to  the  x-ray  exposure* 

Heart*  Sana  of  the  nios  given  939  rade  of  proton  radiation  exhibited 
a  bromdiFT^anulai'  pigment  in  the  atrioventricular  valves*  atrium  end  endo- 
eardium  of  the  right  ventricle  and  similar  ohanges  were  also  noted  in  the 
hearts  of  some  of  the  animals  which  received  ths  820  rad  eoepoeure.  Although 
this  pigment  apypeared  to  be  similar  to  hemosiderin  ii'  -.'orphology*  color*  etc** 
it  did  not  Bt«^  with  Prussian  HLue.  Theire  were  eube>?.'Iocardlal  hemorrhages 
in  a  few  of  the  aninals  given  a  proton  dose  of  939  rads*  and  one  animal  ^ven 
820  rads  exhibited  an  inflaisaatory  node  in  the  pericardial  fat* 

Fooal  stibendocardlal  hemorrhages  and  brownish  pigment  in  the  atrium 
and  endocardium  of  the  heart  were  seen  in  several  of  the  x-lrradlatod  animals 
in  both  the  control  and  protected  groups  of  nice. 

Brain*  Focal  hemarrhages  were  observed  in  the  cerebral  and  cerebellar 
gray  matter  of  some  of  the  proton-radiated  animals*  Hemcirrhages  confined  to 
the  subdural  space  were  also  noted  in  these  animals*  Only  a  few  of  the  x-rayed 
ndoe  eadiibitcd  hemorrhages  in  the  brain*  and  all  of  these  were  subdural 
hemorrhages* 
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lWK«  Peribronchial  and  perivascular  accumulations  of  chronic  inflam> 
matory  eeSLu  were  nreeent  in  mild  to  moderate  deproe  in  most  of  the  control 
sdee  and  in  some  jf  the  proton-radiated  animals •  Acute  and  chronic  bronchitis 
and  pneumonitis  were  also  observed  in  a  few  of  the  control  and  proton-irradiated 
animals  at  all  dose  levels.  The  severity  of  the  lesions  was  greater  in  the 
irradiated  animals,  although  the  frequency  of  occurrence  was  smaller.  Mild  to 
very  marked  oongeetlcn  was  a  rather  frequent  finding  in  the  irradiated  animals 
and  was  present  at  each  dose  level.  It  appeared  to  be  sonetdiat  less  marked, 
however,  in  the  adee  pretreated  with  either  PAPP  or  MEA  prior  to  proton  irradiation. 
Atelectasis,  heraosiderosla,  and  edema  ware  also  observed  in  a  few.  of  the  animals 
examined  and  did  not  appear  to  be  related  to  either  the  dose  of  protons  or  the 
pre-irradiation  treatment  with  the  radioprotective  agents. 

Acute  and  chronic  bronchitis  and  pneumonitis  was  observed  in  the  x-rayed 
mice  with  or  without  the  pre-irradiation  protective  treatment.  Congestion  was 
also  a  frequent  finding  in  these  animals  and  did  not  apoear  to  be  related  to 
the  administration  of  the  protective  agents. 

Kidney.  Perivascular  accumulations  of  chronic  Inflaimnatory  cells  were 
observed  In  a  few  of  the  proton-irradiated  animals.  Extramedullary  hemato¬ 
poiesis  was  seen  in'  one  animal  given  666  rads.  Coogestion  was  found  in  sections 
from  a  feu  of  the  animals  and  most  of  the  mice  exhibited  some  degree  of  terminal 
bacteremia. 


Discussion 

The  gross  and  microscopic  observations  presented  in  this  report  were 
carried  out  in  an  effort  to  determine  whether  significant  differences  exist  bo- 
tween  the  pathologic  effects  of  whole-body  exposure  to  high-energy  proton  radi¬ 
ation  and  thoae  of  x-radlatlon.  Although  relatively  few  animals  were  examined 
at  each  of  the  dosage  levels  included  in  these  studies,  it  seems  likely  that 
differences  in  the  pathologic  effects  of  the  two  types  of  radiation  are  more 
quantitative  than  oualitative.  The  evaluation  of  the  effects  of  the  proton  and 
x-ray  exoosures  is  complicated  by  the  fact  that  in  the  present  studies  obser¬ 
vations  were  made  in  terminal  mice.  Additional  studies  have  been  carried  out 
in  which  the  irradiated  animals  were  sacrificed  serially  in  tine,  and  it  is 
anticipated  that  examination  of  these  mice  will  provide  inforraafcicn  concerning 
the  pathogenesis  of  the  lesions  observed  in  the  present  studies. 

Ths  major  effect  of  the  acute  proton  exnosure  in  the  present  studies 
was  atrophy  of  the  lymphoid  tissue  in  the  spleen,  thymus,  and  lyitqph  nodes} 
hypocellularity  of  bone  marrow  'las  also  marked.  Both  of  these  effects  were 
seen  also  in  tin  x-rayed  mice.  Of  particular  interest  was  the  finding  that 
there  was  an  enhanced  hematopolebic  recovery  in  the  mice  which  were  given 
radioprotective  arents  prior  to  either  the  proton  or  x-ray  exposure.  MEA  and 
PAPP  stimulated  recovery  of  both  the  i^yeloblastic  and  erythroblastic  elements, 
and,  although  the  differences  were  not  inarked,  PAPP  appeared  to  be  more  effective 
in  this  respect  in  the  proton-irradiated  mice  while  MEA  appeared  to  offer  some 
advantage  over  PAPP  in  tlie  x-sayed  mice.  These  differences  suggest  that  there 
may  be  significant  difference  j  in  the  ability  of  the  two  agents  to  protect 
against  radiations  of  difforeit  LET  values,  and  they  tend  to  support  the  re¬ 
sults  of  the  mortality  and  leagevlty  studies  described  elsewhere  in  this  re¬ 
port  (13)0 
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Another  najor  patholonic  .  finding  in  the  present  studios  was  the 
atrophy  of  the  seninlferous  tubules  in  the  irradiated  animals*  The  injury 
of  the  seminiferous  tubules  in  the  protoo^irradlated  nioe  was  more  servsre  in 
the  group  given  702  rads  than  in  the  mice  which  reoedved  the  higher  doses* 

This  unexpected  Ending  is  probably  due  in  part  to  the  differences  in  sur> 
vival  tine  and  eonsequantly  in  the  tine  at  vhioh  the  nice  were  exaraloed  after 
the  proton  exposure.  Although  the  existence  of  testis  radiooensltivlty  has 
been  known  for  almost  $0  years  (lli)»  the  detailed  pathogenesis  of  this  injury 
has  been  described  only  relatively  recently  (I5>l6fl7).  The  studies  of  Ifeller 
(IR)  demonstrate  that  x-ray  doeee  of  3$0  r  result  In  loss  of  soermatogenesis 
by  the  ninth  post-irradiation  day  and  disappearance  of  spormatogonla  by  the 
end  of  the  seoond  post-irradiation  week.  In  the  present  studlesy  there  was 
only  a  slight  redaction  of  apematogania  and  spermatocytes  in  both  the  proton 
and  x-irradiated  nice.  The  testicular  atrophy  was  more  narked,  however,  in 
the  alee  which  had  been  given  either  of  the  radioprotective  agents  prior  to 
the  radiation  exnoaure.  However,  there  was  little  indloation  from  the  changes 
in  the  testis  weight  in  the  protected  and  non-protected  nice  that  MEA  or  EAPP 
either  prevented  or  enhanced  the  radiation  injury.  Previous  studies  by  Kaplan 
and  lyon  (19)  and  by  Halsln  et  al.  (20,21)  have  indicated  that  MRA  does  not 
protect  germ  cells  against  x-ray  injury  whereas  those  of  Mcndl  (22)  mad  Wang 
et  al«  (23)  suggest  that  HEA  inhibitB  the  transient  steriliiiing  effect  of 
TonliS’ng  radlatiooo 

The  third  major  finding  of  the  present  studies  was  hemorrhage  and  con- 
gestion  in  the  lungs,  testis,  brain,  liver,  various  parte  of  the  gastrointesti¬ 
nal  tract,  and  elaewhere.  The  ohanges  in  tlie  liver  were  of  pairtieular  interest 
since  the  marginal  hepatic  cells  were  usually  of  noainal  appearance  and  thickness 
and  there  was  no  marked  alteration  of  the  architecture  o  The  hemorrhagic  pools 
seen  In  this  tissue  arc  similar  to  those  seen  in  peUosls  hspatis  in  hunans 
for  which  Inflanenatory  changes,  liver  cell  necrosis,  and  a  variety  of  other 
factors  have  been  Implicated  in  the  pathogenesis  (2u-27)»  Kent  and  Thompson 
(28)  have  suggested  that  both  general  and  local  faictors  play  a  role,  and  that 
the  development  of  the  blood  pools  follows  dilatation  of  certain  groups  of 
sinusoids.  ^ 

Thevstodies  described  in  this  report  must  be  considered  to  be  prelimi» 
nary  in  nature  because  of  tbs  small  nnnher  of  animals  examined,  variation  in 
time  of  examination  after  exposure,  and  the  relatively  small  range  of  radiation 
dose  levels  considered.  Additional  experJjnental  material  from  both  the  first 
and  second  proton  studies  is  currently  being  processed,  and  the  results  of  the 
examination  of  these  tissues  will  be  presented  in  subseawnt  refTorts. 
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THE  INFUSaiCB  GP  EXPOSURE  TO  LOW  UCVELS  CP  QAMHA  OR  PAST  NEUIRCN 
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III«  Stttdlya  oo  tte  Teodelty  of  CwapoundB  and 

ffaAr  ^nfl■ueoce  on  Radlatlop  LetbaSLity 
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Dsrld  V.  Bruce  and  Xennoth  Po  OdBoLa 


TM-a  repart  eoneemat  Further  atudlee  on  the  acute  intranrenonia  toot* 
leltgr  of  the  ran  earib  eonpouDds  of  the  lanthanoo  serlea  and  in  particular 
•tu(^8  conoemLng  the  effeeta  of  praaeodsmlun  nitrate  on  intermediary  »»• 
taboliam  idiea  mdmlniatered  alone  or  In  eonbination  with  whole  body  x»irradl- 
atlon. 

lanedlate  or  ultlautte  anplloatlon  of  the  reaultai  Beeauae  of  the  !»• 
ereaae  in  tbe  Induetrlal  ntillaa^on  of  the  rare  earth  eompounda,  mere  lnf»- 
natlon  is  needed  on  their  toxlcily.  Enually  important  ia  the  effect  of  8imnl> 
taneoua  expoaore  to  rare  earth  eorapounda  and  loniaing  radlatlona  that  could 
result  from  a  nuclear  reactor  accident.  It  is  anticipated  that  thia  program 
will  provide  information  on  the  toxicity  and  biological  activity  of  these 
eoDgMunda  and  sane  of  the  problema  that  could  arise  fron  almultaneous  exposure 
to  radiation  and  fission  products. 

«*«*«»«« 

Studies  on  the  acute  introvenevs  toxicity  of  the  rare  earth  nitrates 
(lf2)  have  ahown  they  are  highly  tcDcie  and  that  a  sox  difference  eodata  with 
respect  to  the  Ucht  lanthanons.  The  ionised  salts  of  cerium,  praaeodymlump 
neodymivBa  and  saaurltn  were  found  to  be  7  to  10  times  more  toxic  to  female  -Uian 
to  male  rats.  In  addition,  it  was  found  that  sublcthal  doses  of  whole  body 
XNlrradlation  (^0  r  to  500  r)  Increased  tbs  number  of  observed  mortalities  3^ 
to  (ijL  over  the  mortality  resulting  frcci  the  intravenous  administration  of  2 
ra0a./cgm,  of  praseodymiun  alone  as  the  nitrate  salt  (3).  In  atudles  using  each 
animtOL  aa  its  own  control,  it  was  found  that  Intrarencns  adndnistratioo  of  2 
niffB.Aff'i*  ^  m^a.A^o  ^  praseodymiun  caused  a  proportional  decrease  with 
respect  to  tins  in  the  blood  glucoee  of  female  rats  during  tbs  12  to  US-hour 
period  following  adsinlstratlon.  At  any  given  tine  during  this  neriod  the  de¬ 
crease  in  blood  glucose  after  U  vm  twice  that  seen  after  the  adminis¬ 

tration  of  2  m0B.A0<io  X-lrradiation  ($00  r)  was  found  to  augment  the  decrease 
in  blood  glucose  2U  hours  after  2  Bgm.Ae7>>  ^  praseodymimn  (3).  FLaelng  female 
rats  on  a  high  carbohydrate  diet  ^  the  administration  of  a  sucrose-saline  so¬ 
lution  ad  liUtua  prior  to  the  administration  of  praseodymium  resulted  in  m 
apparent  decrease  in  the  toodelty  of  thia  compound.  Dally  admlniatration  of 
testosterone  propionate  ($  mgm.AFm.)  for  a  period  of  30  days  prior  to  2 
kgm.  of  praseodyndum  also  prevent^  or  m  edified  the  resultant  decrease  in  blood 
glueoee  normally  seen  after  adninistratlon  of  this  compound  (3}a 

Materials  and  Methods.  Adult,  male  and  female  Spragus^mrley  rats 
weighing  20b  to  27o  grams  wera  eiqjloy^  for  these  experlaente.  The  animals 
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were {housed  in  alr~condltioned  quarters  and  given  Rocldand  Rat  Diet  and  watei' 
or  specially  prepared  aqueous  solutions  oonti^ing  dextrose,  10^  dextrose, 

ID^  sucrose,  or  IQ^  fmetose  ^  libitua.  Dnnoutralized  aqueous  saline  so¬ 
lutions  of  praseo^^Ui  nitrais  were  a^nistered  intravenously  by  tail  vein} 
eontrol  aniaals  received  an  equivalent  volume  of  saline  equal  to  0*1^  of  the 
total  body  wal^to 

Blood  glucose  (total  reducing  value)  was  determiaed  by  the  nethod  of 
Folin  and  Halnroe  (U)  enplqjrlng  the  mioratQodif3.catlona  of  Park  and  Johnson  (5>)o 
Serial  samples  of  whole  blood  (0,05  nlo  in  duplicate)  were  obtained  by  section¬ 
ing  the  tail  under  local  anesthesia^  Olucose-6-phosphatase  activity  of  the 
liver  of  male  and  female  rats  was  determined  by  the  method  developed  in  this 
labcratcry  by  Dufloia  et  al«  (6)^  The  test  system  contained  0.15  nl.  of  barbital 
buffer  (pH  7oU),  0.15  eS-.  of  glucose-^-phosphate  (10  rngn./mla),  0.Q5  ml.  of 
OaOU  H  MgClo,  0.1  or  0.2  ml.  of  2o5/>  liver  homogenate  and  sufficient  distilled 
water  to  aake  a  final  volune  of  0.65  ml.  The  sanipleti  were  incubated  at  3^^  C. 
for  30  minutes  and  the  reaction  terminated  by  the  addition  of  0.1  ml.  of  50E^ 
trlehlaroaeetle  acid,  'fhe  activity  was  expressed  as  iid.crogr«as  of  phosphorus 
liberated  per  5  ngn*  of  tissue  Mr  30  minutes.  PhosT^orus  was  measured  by  the 
method  of  Flake  and  Subbarow  (7). 

X-irradiation  was  administered  as  a  single,  total  body  exposure  with,  a 
G.  Eu  Maxlmar  therapy  unit.  The  radiation  factors  were  as  follows*  250  KVP, 

15  na.,  0.25  mm.  Cu  and  1  mm.  A1  added  filtration.  The  target-animal  distance 
was  75  cm.  and  the  dose  rate  was  35  **  to  36  r/»dnute  as  measurad  in  air  with  s 
Vlctoreen  ionization  chamber. 

The  nitrate  compound  used  in  this  study  was  obtained  from  Lindsay 
Chemical  Company,  Chicago,  Illinois  and  the  sodium  salt  of  glucc8e-6- 
phosphate  from  the  Nutritional  BLochemical  Corripany,  Cleveland,  (M.o. 


Results 

I  ■  I 

Effect  of  intravenous  praseodymum  nitrate  on  the  blood  glucose  of 
male  rata.  Previous  studies  in  this  laboratory T27  dainonstoated  that  intra- 
venous  a&inistration  of  an  approximate  IDcjq  of  praaeodymiim  (2  ragm.jAcgm.)  as 
the  nitrate  salt  ca\ised  a  mark«?d  decrease  in  the  blood  glucose  of  female  rata 
but  had  no  significant  effect  on  the  blood  glucose  of  male  rats.  For  this 
reason  it  was  of  Interest  to  see  whether  a  ahnilar  effect  on  blood  glucose 
would  be  obtained  if  a  dose  of  this  rare  earth  metal  appraxinating  the 
25  mgm./kgmo)  was  given  to  male  rats. 

Figure  1  shows  the  effect  of  20  and  30  ragm./iign.  of  praseo¬ 

dymium  on  the  blood  glucose  of  male  rats.  The  values  are  plotted  as  per  cent 
of  the  initial  blood  glucose  values.  Each  animal  seirved  as  its  own  control 
and  each  point  on  the  curve  represents  the  average  values  obtained  for  groups 
containing  at  least  four  animals.  The  control  values  in  each  rat  were  obtained 
2h  hours  prior  to  praseodymium  administration.  Serial  samples  were  also  ob“= 
tainod  fi'om  control  animals  at  each  2lj-hovi*  pieriod. 

In  contrast  to  ths  decrease  in  blood  glucose  observed  in  fe.’nale  rats 
no  appreciable  change  and  pwrhapis  a  slight  inoMase  in  blood  glucose  was  bb^ 
served  in  rats  receiving  20  ngm.AR'n.  at  the  72-hour  test  pwrlod.  In  spxite 


Hours  After  Praseodymium 

Figure  la  Effect  of  IntraTenous  praseodymium 
nitrate  on  the  blood  glucose  of  male  rats-' 
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of  tlw  results  obtained  2Q^  of  tto  aniaals  given  20  ngm»Ag”i>  30  n^oAgn* 
succumbed  during  the  first  72  hours  while  liQi  of  the  tot^  number  of  animals 
receiving  30  ngm.AePo*  died  between  72  and  320  hours  posVinJeotion. 

Effect  of  intrwrenous  preaeodynlum  nitrate  co  the  blood  glucose  of 
fera^e  raj»  re^Mivlng  cLextrosoa  su<n^iiw»  and  frwtoae  ad  libiti^  jin  previous 
studies  (0)  it  was  foun^  ^t  a  10^  8Uerose«>saline  solution  administered  ad 
libitum  to  female  rats  prior  to  the  intravenous  injection  of  praseodyviun  re» 
diueed  ihe  toxicity  of  the  ccnpound  by  approodnately  one-half  *  Because  of  the 
narked  decrease  in  blood  glucose  observed  after  adroinietration  of  2  ngm*As>Uo 
of  praseodyndun  (6)|  these  studies  were  conducted  to  detemine  the  effect  of 
ad  llbltuB  administration  of  sucrose^  dextrose^  and  fructose  on  blood  glucose. 
Aie  aqueous  solutions  were  given  five  days  prior  to  the  intravenous  inJectioD 
of  2  !n0BoAei'>«  of  praseodymim  as  the  nitrate  salt  and  continued  throughout 
the  test  period}  control  blood  samples  and  serial  samples  wei‘e  obtained  as 
previously  described* 

The  effect  of  ad  libitum  aduinletration  of  dextrose  cn  blood  glwoee 
is  shown  in  Figure  2*  the  values  for  control  animals  receiv5.ag  either  $$  or  10? 
dextrose  or  water  ai^  not  significantly  different  from  each  other  or  from  their 
initj.al  control  values*  Althcnjgh  the  amount  of  %  dextrose  consumed  by  each 
animal  during  any  given  2li“hour  period  ranged  ttm.  2  to  3  grans,  the  dietary 
modifleatlon  did  not  change  the  blood  glucose  nictire  obcarved  after  adnlnls- 
tratlon  of  praseocitymlvn  alche*  The  average  values  were  77%  and  lil?  of  the  ini¬ 
tial  control  values  at  2h  and  l<8  hours  respectively.  Two  of  the  four  animals 
succuobed  during  the  1:8  to  72-hour  period*  In  contrast,  the  four  animals  re¬ 
ceiving  the  10?  dfloctrose  solution  survived  the  critical  time  period  and  no 
significant  change  from  initial  blood  gluccsc  control  values  was  found  at  2k 
hours,  the  average  was  72%  of  the  initial  value  at  72  hours*  Ti»  average  in- 
take  of  10?  dextrose  for  each  ani  ial  during  each  2i^»hoHr  rsriod  ranged  from 
6  to  9  grams. 

In  Figure  3  is  shown  the  resultant  blood  glucose  after  adasinistration 
of  10?  fructose  and  10?  sucrose  ad  libi^un.  The  variation  in  control  values 
from  each  other  and  from  Initial  control  values  is  appraodma'&ely  the  saioa  as 
found  in  the  control  animals  receiving  dextrose*  The  administration  of  IQ? 
fructose  afforded  no  protection  against  the  decrease  in  blood  glucose  caused 
by  the  administration  of  2  n^.Ac'Bo  of  praseodymiuno  The  blood  glucose  aver¬ 
aged  OQ?  and  61?  of  the  initial  control  valiics  at  2h  ar«d  hS  hcairs  respectively* 
This  is  almost  identical  with  the  values  of  82?  and  $9%  obtained  2h  and  1*8 
hoxirs,  respectively,  after  praseodyrniun  iwe  rithout  dietary  modificatian* 

As  in  the  .  case  of  the  IQ?  dextrose,  the  average  intal<e  of  fructose  for  any 
2U«ho\ar  period  was  6  to  9  grams  for  each  animal*  Two  of  the  four  anijnals  died 
during  the  u8  to  72-ho«r  period*  Each  of  the  animals  that  recej.ved  the  10? 
sucrose  conaturaed  between  7  and  10  grams  per  day  and  all  animals  survived  the 
test  period*  Twenty-four  hours  after  prasoodymiuin  the  blood  gluc(Xic  was  76? 
of  the  initial  control  value;  however,  it  deci’eased  only  5?  to  71?  of  the  ini¬ 
tial  control  value  at  1*8  hours*  All  of  the  sugar  solutions  seemed  to  enhance 
the  reco'.  ery  of  the  blood  glucose  of  surviving  animals* 

Effect  of  intravenous  praseodymium  iind  whole  body  x-5j:Tadlat5,on  on  the 
gluco8e-6-phoBphata8e  actlrity  o/TiverB  of  inale" anS'  f eiiirie  i^ts*  fh  studies 
OTrTIj5'"gIiiB08e-5^^^08T?5atasir'acHH^y''3!'~aduIFTn5rB  and  fema^.«  rats,  DuBoIb 
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Figure  3o  Effect  of  intravenously  atteinia- 
tered  praseodymium  nitrate  on  the  blood  glucose  of 
female  rats  receiving  sucrose  and  fructose  ad  libitum^ 
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et  «1»  (6)  found  tho  eniyM  aotlvlt/  to  be  2%  loner  in  fenale  ratao  Similar 
Msulle  were  obtained  by  Shull  and  Beutisa  (9)  who  found  in  addition  that 
dally  treatment  of  female  rate  with  10  mgm.  of  testosterone  propionate  for  a 
period  of  two  weeks  Increases  the  activity  of  the  ensyioe  to  almost  the  level 
of  normal  males.  n*evious  studies  in  this  laba^atory  (3)  demonstrated  that 
adndalstratlon  of  testosterone  propionate,  $  mgm./day  for  a  pearlod  of  30  days, 
prior  to  the  intravenous  administration  of  2  m0a.A{y<>.  of  praseodynLum  modified 
Ate  prevented  the  decrease  in  blood  glucose  during  the  2h  to  72-hour  period 
following  praseodymLtm. 

The  results  of  administration  of  praseodymlua  and  x-irradiatlon  on  the 
gluooae-6-phosphatase  are  shown  in  Table  1.  Duplicate  assays  were  made  with 
and  without  the  addition  of  magnesium  and  the  results  are  oocpressed  as  the 
mean  plus  or  minus  the  standard  deviation.  The  values  obtained  four  hours 
after  the  intravenous  administration  of  U  mga./kgm.  of  praseodymium  or  2U 
hours  after  $00  r  of  x-ray  do  not  differ  significantly  from  tbs  control  valuss. 
An  18$  to  2$%  decrease  in  glucose-6-pho8i^t.'38e  found  2h  hours  after  praseo¬ 
dymium  when  given  alone  or  in  eoribinatlon  with  x-ray  may  in  part  be  attributed 
to  the  aecum^atlon  of  fat  in  the  liver. 

The  gluc030-6-phosphatase  activity  of  liver  of  male  rats  waa  reduced 
to  the  control  level  observed  in  females  at  li  and  2h  hours  after  Intravenous 
administration  of  20  mgm.Agn.  of  praseodymium.  Vhether  or  not  this  decrease 
is  of  any  significance,  studies  in  this  report  would  suggest  that  it  is  not 
sufficient  to  have  an  effect  on  the  blood  glucose  of  male  rats. 

Influence  of  whole  body  radiation  on  rare  earth  toxicity.  Continuing 
studies  (3)  on  the  influence  of  varying  doses  of  whole  body  x-liradiation  on 
mortality  In  female  rats  reoelving  pr^'iseodymium  are  shown  in  Tabls  3o  Croups 
each  containing  5  or  10  animals  wars  given  rare  earth  nitrate  or  x-ray  alone 
or  in  eooblnatlon.  Praseodymium  nit'.'ate  was  given  10  to  1$  minutes  prior  to 
whole  body  Irradiation.  No  mortalities  occurred  among  the  irradiated  controls 
given  500  r  of  x-ray  nor  among  animils  receiving  1  ragm./k^,  of  praseodymium. 
One  m^BoAcBo  ot  praseodynLum  when  given  in  corabination  with  ^00  r  and  300  r 
of  x-ray  resulted  in  33  <>3^  and  20,G$  mortality  respectivelyu  Further  studies 
are  being  conducted  to  more  fully  evaluate  the  combined  toxic  effects  of 
praseodymium  nitrate  and  whole  body  :radla(tlon. 


Discussion 


The  results  of  previous  stud'-ss  on  the  acute  intravenous  toxicity  of 
praseodymlTim  nitrate  indicated  that  vhis  compound  is  approximately  ten  times  . 
more  toxic  to  female  than  to  male  rubs  (1),  From  our  stxidies  in  female  rats, 
it  would  seen  that  the  magnitude  of  the  observed  decrease  In  blood  glucose  is 
sufficient  to  produce  mortality.  Tie  protection  afforded  by  the  ad  libitum 
administration  of  lOp  dextrose  and  'IQ^  sucrose  tends  to  substantitate  ihi's ' 
eonelusiona  These  studies  also  suci^^st  that  a  diet  high:  in  carbohydrate  is 
necessary  to  prevent  mortality  since  the  intake  of  2  to  3  grams  of  dextrose 
did  not  prevent  mortality.  The  fa:.' Lure  of  fructose  to  protect  against  mor¬ 
tality  may  be  due  to  the  difference!  in  metabolism  of  this  compound  the 
liver.  Fructose  conversion  to  frusbose-l-phosphate  and  subsequently  to  di- 
hydroxyacetcxie  phosohate  and  glyce.* aldehyde  and  possibly  glycerol  might  have 
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TABI£  1 

EFFKCTS  OF  INTRAVraiOaB  PRASEOmMIlM  NTTRATB  AND  WIOLB 
BODY  X-BUIADIATION  ON  THE  QLUCOBR^^PHOSPHATASE 
ACTIVirY  OF  THE  UVHIS  CF  FEMAIB  RATS* 


Honrs  After 

Treatment 

Treatawnt 

U  Hours 

2k  Honrs 

Ne 

- 1 

Kg 

No  Mg 

1  >ls 

Saline  ooatrols 

2hc6  i  5.17 
(8)^ 

30.2 1  u.m 
(8) 

nraseodynlum  nitrate 

U  ngm.A^a  Etetal 

Saline  plus  500  r 
x-ray 

2ii.7  -  1.16 
(i*) 

29.6  t  2.15 
(U) 

20.2  1  1.91 
(8) 

2ij.l  i  1.99 
(k) 

22.6  i  1.51 
(8) 

29.7  i  2.1*6 
(U) 

Praseod^um  nitrate 

I4  ragn«/(q;^*  metal  plus 
500  r  x-ray 

19.1  t  2.33 
(W 

2li.l*  t  2.52 
(k) 

1 

*Eaeh  781108  given  as  the  mean  ~  the  standaird  deviatioQo 


^mber  of  animals » 


/ 


TABLE  2 


EPreCT  (F  INTRAVENODS  PRASECCBHUM  NITRATE  ON  THE 

ohicosb-6-phospiatase  activitx  op  tub  liver 

OF  MALE  RATS* 


Hours  After  Treatneot 


1 

Treatmnt 

It  Hours 

2li  Hours 

mm 

Mg 

No  Mg 

Mg 

Saline  controls 

29.6  t  5.0$ 

(6)b 

37.0  *  3.66 
(6) 

Praseodynlum  nitrate 

20  mgm.Asn*  metal 

23.5  -  1o82 
(1*) 

30.8  t 
(U) 

25.0  i  2„33 
(k) 

31.7  i  3.09 
(li) 

*Each  TalUB  given  as  the  nean  i  the  standard  deviatlcxio 
^UBber  of  animals « 


TABI£  3 


THE  INFLOmCE  OF  VARYING  DOSES  OP  VJHOI£  BODY  X-IRRADIATION 
ON  THE  MOftTAUTY  OF  FIMAI£  MTS  GIVEN  FRASECDTMID&I 
NITTiATE  IKTRAVBJOUSLY 


*n*eatnent 

Mortality* 

%  Mortality 

ftraseodymium  nitrate  1  rigra.Agin.  IV 

oAo 

0.0 

Praseodymium  nitrate  1  mgm.Agm,  IV 

5A5 

plus  500  r 

33.3 

Praseodyndum  nitrate  1  mgm.^gnie  IV 

2A0 

plus  300  r 

20.0 

^lortality  da; a  based  upon  10-day  observation  periodo 


an  adverae  effeet  on  tha  toodelty  of  praaeodymiun.  Studiea  ligr  Siqrdar  at  tHo 
(10)  shaved  that  the  fatty  infiltration  caused  by  eeriua  eonaisted  lurlnclpally 
of  neutral  fat  eatera*  The  adainlatratiori  of  an  eouitoado  doae  of  praaeodynlvm 
to  male  rata  had  little  effect  on  the  blood  gloeoee.  The  realstanoe  of  males  to 
this  biochealeal  change  nay  be  of  slgnlfioanoa  In  their  lesser  susoeptlbllity 
to  prasoodyniun. 

The  decrease  in  glueoee~6>ph08phata8e  aetivlly  In  fanale  rats  at  2U 
hours  after  praseodyidua  aloiw  or  In  oeoblmtlon  vLtb  zoirradiablon  nay  be  the 
result  of  aoeuBulati<^  of  fat  In  the  liver  sinoa  no  effect  was  obsenred  four 
hours  after  artnlnietr'atlon>  a  tine  of  naxliausn  fixation  of  the  light  lanthanona 
by  the  lirer  (11) . 


Saanary 

!•  Intrarenoua  adalnlatratlon  of  20  iagn./cgm.  and  30  ngm.Ag>Qo  of  praaeodyvium 
as  the  nitrate  salt  caused  no  significant  decrease  in  the  blood  glucose  of 
male  rata*  This  is  in  contrast  to  the  marked  decrease  In  blood  ^ucose  in 
female  rats  caused  fay  an  equltoxic  dcee  of  this  conpoundo 

2«  Evidence  presented  in  this  report  indicates  that  dietary  Intake  of  6  to  9 
grama  per  day  of  mterose  or  dextrose  by  female  rats  vlU  prevent  the  mor¬ 
tality  resultiog  from  the  Intravenous  adlminlstration  of  2  mga.Agmo  of 
praaeodyaivBi  as  the  nitrate  salt*  Dietary  intake  of  2  to  3  grans  of 
dextrose  or  6  to  9  grams  of  fructoss  per  day  was  Ineffective  In  preventing 
nortall^.  The  results  suggest  that  the  mortalities  are  due  to  the  decreased 
blood  glucose. 

3*  Intravenous  administration  of  20  ngm.Ag**  of  praseodymium  to  male  rata  as 
the  nitrate  salt  reduced  the  glucose-6-pi70Bphatase  activity  of  the  liver  17% 
and  152  in  2h  and  U8  hours  after  administratim,  respectively.  Four  ngm./ 
kgm.  of  praseodymium  alone  or  in  ocmbimtlon  with  ^00  r  of  x-irradiatlon 
had  no  effect  on  the  glucoae-6vphosphata8e  activity  of  the  liver  of  female 
rats  four  hours  after  administration.  Fatty  infiltration  of  the  liver  may 
aooount  for  the  l8;i(  to  ?.$%  decrease  in  activity  found  after  2li  hours. 

It.  A  20^  axxl  yi%  Increase  in  mortali^  was  observed  when  a  eublethal,  dose  of 
Intravenous  praseodynluB'.  (1  mgm*Ag>n<>)  was  given  10  to  15  minutes  prlcr 
to  300  r  and  $00  r  of  whole  body  x-lrradlation. 
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THE  INFLUENCE  CF  EXPOSURE  TO  LOW  1£VEI£  OF  QAm  AND 
PAST  NEOraON  IEPAT)TAT10N  ON  THE  LIFE  SPAN 
OP  ARUIALS 

IV ,  Longevity  in  Pi  Hvfairld  Offspring  of  Irradiated  Mice 

Ann  Ma  Budy,  John  Ho  Huat«  Do  J.  Hewlsseny  and 
Robert  D.  Boehe 


Thla  report  eoneomst  The  longevity  of  the  hybrid  offspring  from 
mice  after  irradiation  of  the  male  or  female  parents » 

I— ediate  or  ultimate  application  of  the  results s  This  study  was 
initiated  in  this  laboratory'*  several  years  ago  to  extend  the  available  in= 
formation  on  the  affects  of  ionizing  radiations  on  the  offspring  from  ir¬ 
radiated  animals o  While  the  work  was  in  prosresSf  a  preliminary  eomnuni- 
cation  (1)  and  several  progress  reports  (2-6)  were  published.:.  From  the 
standpoint  of  the  usefulness  of  the  data  obtained  in  this  study)  it  seoned 
appropriate  to  present  it  in  a  concise  fcm  vd.th  appropriate  statistical 
treatment  of  the  data.^ 


*  «  •If  *  *  »  <}• 

This  experiment  was  designed  to  Investigate  the  fate  of  hybrid  off¬ 
spring  of  an  irradiated  and  a  non-irradiated  parent.^  The  objective  was  to 
ascertain  whether  a  single  dose  of  whole-body  x-irradistion  delivered  cither 
to  the  male  or  female  parent  would  be  follcved  by  a  change  in  the  life  span 
of  the  progeny. 

Since  mutations  induced  by  ionizing  radiation  are  mostly  deleterious 
and  not  completely  recessive,  it  seemed  feasible  to  determine  their  total 
additive  effect  by  a  comparative  study  of  the  relative  fitness  of  successive 
P]^  litters  as  measured  ly  the  life  span. 

The  progeny  from  a  first  mating  cf  parants,  prior  to  irradiation) 
served  as  the  control  group.  Later  progenies  wsro  obtained  from  successive 
matings  of  the  same  parents,  after  either  the  male  or  female  was  irradiated, 
and  served  as  experimental  groups. 

Substantial  indications  of  harmful  influences  are  to  be  found  in  the 
work  of  early  investigators.  Timofeeff-Ressovsky  (7)  studied  ''VitAlitats- 
natationen"  from  irradiated  Drosophila  and  found  this  class  of  mutations  to 
be  very  numerous  compared  to"lethalB  and  Visibles .  Hertwlg  (8)  irradiated 


•FThis  work  was  initiated  at  the  University  of  Chicago  Toxicity  Labora¬ 
tory  under  the  support  of  the  United  States  Atomic  Energy  Commission,  Con¬ 
tract  No.  AT(ll-l}-37,  and  continued  at  the  University  of  Chicago  United  States 
Air  Force  Radiation  Labors tory^  Contract  No.  AF-33(03o)'>273$3,  i^th  additional 
fhnde  from  the  Rockefeller  Foun  ation  for  the  Section  of  Nuclear  Medicine, 
University  of  Chicago. 
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the  tastes  of  alee  with  z^rsys  and  rscordsd  the  aortallty  for  the  prs-  and 
post-Btsrlllty  litters  daring  the  first  7^  days  after  birth.  She  found  an 
increased  mortality  daring  this  intenrsl  for  litters  ooneeived  before  the 
onset  of  the  Induced  sterility,  but  mneh  less  evidence  of  this  in  the  later 
litters. 


Stem  and  Novitski  (9)  have  shown  that  many  reoessive  lethals  have 
some  deleterious  viability  effects  in  heterosygous  Individuals.  These  vla<= 
bllity  phenomena  in  Drosophila  have  been  studied  further  by  Stem  et  ol.  (10), 
Horlwaki  et  al.  (ll);Tdrdlek  and  Mukai  (12),  and  Falk  (13). 

Muller  (lli,l5)  has  estimated  recessive  detrimental  mutational  effects 
in  Droeophi^  to  be  about  10)C  with  150  r  exposure  in  the  irradiated  male. 
Faster  et  alo  (16)  in  a  8tu<^  of  the  effect  of  whole-body  x-irradiation  of 
trout  reported  mortalities  of  3<>5)K  in  controls  as  compared  with  LUaJi  in 
fingerlings  from  parents  receiving  1,000  r. 

Russell  (17)  reported  reduction  of  life  expectancy  of  offspring  con¬ 
ceived  19  to  23  ^ys  after  exposure  of  male  mice  irradiated  in  a  neutron  flux. 
Recently  Spalding  and  Strang  (18)  Irradiated  male  mice  in  each  of  ten  gener¬ 
ations  and  found  that  mice  from  the  irradiated  germ  line  were  approximately 
2h%  less  resistant  to  protracted  gaama-ray  stress  than  were  controls.  The 
data  suggested  that  the  inheritance  of  a  genetic  burden  of  recessive  and/or 
snblothal  mutants  was  detrimental  to  survival  under  conditions  of  extreme  or 
abnormal  environmental  stress. 

Materials  «d  Methods.  In  an  attempt  to  investigate  possible  differ¬ 
ences  in'  transmitting  barmful  effects,  originating  from  either  the  male  or 
female  parent  following  x-irradiation,  the  present  study  was  divided  into  two 
parts.  The  female  parent  was  irradiated  in  one  and  the  male  parent  in  the 
other.  The  parents  were  males  and  fmsales  of  pure  Inbred  strains  dba  line  1 
and  C-57  ELack  subline  6  from  Jaokson  Kemorial  Laboratory,  Bar  Harbor,  Maine. 
They  were  four  to  five  months  old  at  the  start  of  the  experiment.’  Each  pair 
of  parents  consisted  of  a  male  or  female  C-57  mouse  and  a  dba  mouse  of  the 
opposite  sex.  The  C-57  parent,  whether  male  or  female,  was  the  irradiated 
member  in  all  groupe.  The  two  crosses  are  referred  to  as  dba  female  X  C-57 
irradiated  male  and  C-57  irradiated  female  X  dba  male. 

The  study  was  completed  in  two  successive  identically  designed  ex¬ 
periments,  series  A  and  series  B,  which  were  started  one  year  apart.  The 
purpose  of  the  replicate  (series  B)  was  to  increase  the  sanple  sizes  for 
appropriate  analysis. 

In  series  A  there  were ' originally  lb  dba  female  X  C-57  irradiated 
male  matings  and  15  C-57  Irradiated  female  X  dba  male  matings.  In  sertSs  B 
there  were  29  dba  female  X  C-57  irradiated  male  matings,  and  30  C-57  irradi¬ 
ated  female  X  dba  male  matings.  The  parents  were  first  mated  prior  to 
x-irradiatlon  and  the  offspring  of  this  mating,  l.e.,  the  weanlings,  setved 
as  oontrols.  In  the  second  step  of  the  experiment,  at  a  56-day  interval 
after  the  first  mating,  the  C-57  parents— males  or  females— were  given  200  r 
of  whole-bo(^  x-irradiation,  using  either  a  250  KVP  Kelekett  or  a  Oeneral 
Eleetrio  Kaximar  X-ray  maohina.  Plysical  factors  ware  1.0  m«  of  Al  and  0.5 
mm.  of  Cu,  15  ma.,  60  cm.  source-target  distance.  The  dose  was  dellvsred  in 
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three  ainatea  In  series  A  and  four  nlnutea,  twenty-four  seconds  in  series  Bo 
The  anlaals  were  exposed  In  groups  of  fifteen  in  perforated  gelatin  cells 
placed  on  a  slowly  revolving  turntable.  Following  exposure,  the  0-^7  mice 
were  returned  to  their  unexposed  dba  nates  and  allowed  to  breed  for  ten  days. 

In  subsequent  steps  of  the  study  the  sane  pairs.  If  still  alive,  were  mated 
at  120  and  l80  days  after  exposure.  The  total  generation  offspring  of  all 
these  natix^s  were  kept  for  the  duration  of  life  In  the  same  room,  on  the  aver¬ 
age  of  three  aninals  per  cage,  under  standard  conditions  of  food,  housing,  and 
maintenance..  Sexes  were  separated  and  litter  mates  were  kept  together  for  the 
duration  of  the  experiment. 


Results 

Breeding.  Breeding  data  are  presented  in  Table  1.  There  were  fewer 
pregnancies,  in  most  instances,  for  each  successive  mating  when  the  irradiated 
parent  was  the  male.  There  were  no  significant  differences  between  the  con¬ 
trols  and  the  lO-day  mated  irradiated  females  In  the  number  of  successful 
matings.  Permanent  sterility  was  induced  in  irradiated  females  within  120 
days  after  x-lrradlation.  In  groups  where  the  male  parent  was  irradiated, 
the  litter  sizes  decreased  sharply  in  the  l80-day  mating. 

The  sizes  of  the  litters  were  not  statistically  different  in  the  con¬ 
trol  and  the  10-day  offspring  from  irradiated  males  or  fmnales. 

Mortality.  The  mortality  data  ure  presented  in  Table  2,  in  separate 
sets  for*” 3exH.es ' A  and  B.  The  groups  of  hybrids  from  matings  between  dba  fe¬ 
male  and  C-S7  irradiated  mala  at  180  days  post-irradiation  wore  of  small  aize. 
Since  variance  analyals  did  not  establish  a  significant  difference  in  survival 
times  between  the  l80“-day  and  120-day  groups,  it  was  dsctdsd  to  pool  the  progeny 
from  both  matings. 

Cumulative  survival  curves  are  presented  in  Figures  1  and  2  for  control, 
10-day,  and  pooled  120  l80-day  offspring  from  an  irradiated  male,  and  control 
and  10-dey  offspring  from  an  Irradiated  female,  respectively.  Corresponding 
groups  from  series  A  and  B  wore  pooled  since  variance  analysis  of  Ufa  expect¬ 
ancies  at  successive  6-raonth  intervals  failed  to  reveal  significant  differences 
between  such  groups.  Irradiation  of  the  male  parent,  appeared  to  recluse  the  life 
span  of  the  offspring  (Figure  1),  as  measured  by  the  mean  survival  times.  In 
contrast,  in  the  offspring  from  an  irradiated  female  there  was  no  evidence  of  a 
dscreaaed  life  expeebany  (Figure  2). 

From  the  curves  shown  in  Figure  1,  it  was  difficult  to  decide  whether 
the  mortality  pattern  of  the  10»day  offspring  was  different  from  that  of  the 
120  iBO-dny  offspring.  Moreover,  it  soenod  of  interest  to  compare,  on  the 
basis  of  respective  mortality  rates,  various  groups  of  mice  of  either  sex,  as 
it  is  well  known  that  female  and  male  mice  differ  in  this  respect.  Therefore, 
computation  of  gomnertzlan  rates  was  carried  out  at  successive  6-inonth  intervals, 
using  a  method  previously  applied  by  Sachor  (19) . 

In  control  groups  of  either  sex,  variance  analyals  of  life  expectancies 
at  successive  6-month  Intervals  showed  no  significant  differences  between  groups 
originatixig  fxt>m  cross-matings  of  non-lrradiated  parents.  Thus  control  offspring 
was  pooled  by  sexes  to  Increase  sample  sizes. 
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1ABI£  1 
EREEDIMO  DATA 


Oroapa 


Niaiber  of 
Pragnuiolea 
/fatlBgs 


Total  Bom 


Avaraga  |  Total 
Littar  I  Waanad 


Nala/Ptanala 


Sarlaa  A 


Control 
•r  10  dajra 

120  daya 
180  dagra 

13/lli 

6/lU 

3m 

2/9 

5.5 

8.0 

5.3 

3.0 

52 

U5 

11 

6 

31/21 

23^2 

8/3 

h/2 

Control 

119 

7.9 

m 

U7Ao 

Tt  10  days 

106 

8.1 

hl/37 

120  days 

a  a  ♦ 

a  •  a  •  » 

180  days 

1  0A3 

■■■ 

B 

a  o  a  •  » 

Seriaa  B 


Control 

10  days 
^  120  d«^ 

180  days 

20/2U 

15/2U 

8A9 

7A8 

101 

66 

38 

22 

MU 

B 

mm 

1  78 

61 

32. 

22® 

35A3 

29/32 

16/16. 

9A3^ 

Control 

20/28 

152 

■jl 

1  ^38 

77/61 

__  10  days 

23/26 

178 

166 

7U/91 

120  days 

QA6 

090 

a  a  a  a  p 

180  days 

oA3 

a  •  a 

B 

‘BB 

a  a  a  a  a 

*Ora«qp  I  *  dba  faaale  X  C-57  Irrsdlatad  nale.  Oroup  II  »  C-$7 
Imdlatad  famla  X  dba  aala^ 


^'Tho  anlnals  aaoapad  aftar  vaanl^  and  were  discarded. 
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TABIZ  2 

MORTALITY  DATA  OF  OPFSPRINO  FRCW  IBR/iDlATED 
AMD  NCW-imDlATED  PARENTS 


Intervals 

(Months) 

Series. A 

1  Series  B 

I 

i 

II 

I 

'  II 

Male 

Female 

Male 

Female 

Kale 

Female 

Kale 

Female 

Control 

0 

0 

1 

0 

0 

3 

3 

1 

0-^ 

10  days 

2 

0 

3 

0 

2 

1 

1 

3 

120  ♦  180  days 

h 

0 

1 

9  • 

©  C 

2 

0 

©  e 

©  0 

Control 

2 

0 

=3 

2 

0 

0 

U 

1 

6-12 

10  days 

3 

1 

6 

1 

2 

1 

0 

6 

120  ♦  180  days 

0 

o  o 

•  o 

8 

1 

©  0 

0  c 

Control 

h 

10 

m 

lii 

6 

28 

5 

12-18 

10  days 

17 

10 

6 

28 

31 

120  ♦  180  days 

0 

2 

M 

15 

0  d 

0  0 

Control 

19 

s: 

31 

11 

13 

8 

21 

29 

18-2U 

10  days 

1 

6 

19 

3-9 

12 

37 

26 

120  ♦  180  days 

6 

1 

o  o 

< 

©  © 

1 

©0 

©  © 

Control 

5 

6 

5 

30 

8 

2h 

21 

21 

2li-30 

10  days 

0 

3 

5 

20 

1 

9 

8 

27 

120  +  180  days 

2 

2 

G  • 

o  o 

0 

6 

©  o 

©  0 

•%f\ 

Control 

1 

0 

1 

20 

0 

2 

0 

U 

tna 

10  days 

0 

2 

0 

10 

0 

•  3  1 

0 

18 

over 

120  ♦  180  days 

0 

0 

. . . 

<t  © 

Q  © 

0 

0 

©  a 

o  © 

Group  I  «  dba  female  X  C-57  Irradiated  male. 
Group  II  -  C-$7  irradiated  female  X  dba  malo. 


Per  Cant  Sarriral 
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Nonthe 


Figure  I®  SunriTel  of  all  offapring  of  control 
and  irradiated  male  parents  as  a  function  of  age  in 
months. 
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Montha 


Figure  2o  Survival  of  all  offeoring  of  control 
and  irradiated  female  parents  as  a  function  of  age  in 
Months o 

1 

-  { 


I 
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In  ooiqmtlng  gonq)ert8lan  mortality  ratos  a  weighting  factor  wae  used 
that  ms  derived  from  the  variances  of  proportion  of  mortality  observed  in 
each  group.  The  rates  were  eomputad  from: 


where  ^  is  the  selected  time  interval  (six  months)  and  N(t)  is  the  number  of 
animals  living  at  time  t.  Regression  lines  were  fitted  K'y  i^e  maxlanm  lllceli-^ 
hood  method.  Oiaplaeemi«it  of  gonq[>ertflan  ■  intercepts  was  estimated  from  mean 
values  calculated  from  the  relevant  regression  equations.  Whenever  available 
data  were  inadequate  for  regresslcm  analysis  of  the  computed  mortality  rates^ 
the  95){  fiducial  limits  of  each  representative  point  were  computed.  The  ro'- 
suite  are  given  In  Figures  3  and  It  and  Tables  3  and  It. 

Satisfactory  regression  lines  of  gompertelan  mortality  rates  were  ob“ 
talned  for  botli  sexes  from  control  groups  and  from  lO-^lay  offspring.  The 
slopes  of  the  Ooaqperte  regressions  did  not  differ  significantly  within  groups 
of  mice  of  the  same  sex  but  did  differ  between  sexes.  Moreover,  there  wae  a 
displacement  of  these  Ocmpertz  intercepts  between  sexes  and  between  control 
progeny  and  10-day  offapring.  These  findings  suggested  that;  (1)  there  was 
8  specific  age  dependency  of  the  mortality  rate  which  appeared  to  be  different 
in  progeny  of  either  sex,  yet  independent, of  the  irradiation  experience  of  the 
male  parent,  and  (2)  ohe  displacement  of  the  intercepts  indicated  that  there 
was  sn  observable  reduction  in  life  expoctany  in  male  and  female  progeny  con¬ 
ceived  by  irradiated  males  mated  within  ten  days  after  exposuroo 

The  offspring  pooled  by  sex  from  the  matings  at  120  and  180  days  after 
the  eixposure  of  the  male  parent  were  too  few  to  obtain  a  satisfactory  re¬ 
gression.  Therefore,  the  9^^  fiducial  limits  were  calculated  for  the  relevant 
computed  mortality  rates*  groups  of  either  sex  the  confidence  limits  for 
the  separate  representative  points  tended  to  embrace  the  regression  line  corre¬ 
sponding  to  the  offspring  conceived  by  males  ton  days  after  irradiation.  It 
was  concluded  that  the  reduction  in  life  span  for  120-  and  l80-day  post- 
irradiation  progeny  was  probably  equivalent  to  that  observed  for  the  10-day 
post-irradiation  offspring,  irrespective  of  sex. 

Correlation  analysis  wei'e  carried  out  on  the  data  for  10-day  offspring 
from  C-57  Irradiated  fonale  X  dba  male.  They  yielded  regression  equations 
whose  linear  coefficients  were  0.157  for  female  offspring  and  0.282  for  male 
offspring  (Table  3).  These  were  divergent  from  the  slopes  previously  eatlinated 
for  the  offspring  of  reciprocal  matings.  Therefore,  it  was  believed  that  they 
did  not  provide  an  adequate  basis  for  conparison,  yet  the  shifto  of  tha  gom- 
perteian  rates,  estinated  at  the  l5‘*Bontb8  survival  time  were  consistent  with 
previously  conqputed  Intercepts  (Table  U).  Consequently  the  95^  fiducial  limits 
of  the  computed  mortality  rates  were  also  estimated.  It  nay  be  seen  (Figures  3 
end  li)  that  the  confidence  limits  tended  to  embrace  the  control  regression 
lines,  suggesting  that  irradiation  of  the  foiiale,  in  contrast  to  the  male,  did 
not  affect  the  morta].ity  rate  of  the  progeny.  All  females  were  sterile  at  120- 
and  IflO-day  post-irradiation  matings.  * 


Rat®  e?  Morta3.ity 


17U 


Figure  3»  Oomporfcslsn  mortality  rata®  a®  *  function 
of  age  of  male  offspring  of  control  and  irradiated  male  and 
female  perentso  The  0-57  parent  is  the  irradiated 
The  control  includes  all  male  offspring  from  non-irradiated 
parents c 
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Figure  Uo  Oompertiien  mortality  rates  as  a 
function  of  age  of  female  offspring  of  control  and  Ir¬ 
radiated  male  and  female  parents o  The  C-$7  parent  Is 
the  Irradiated  member^  The  control  includes  all  female 
offspring  from  non-irradiated 'parentSn 


176 


TABDB  3 

OOMPERTZIAN  SLOPES  AND  FIDUCIAL  LIMITS 


Ttae  of 
Conception 


IJybrld  Parents 


|i  Sex  of 
j  OffspriJig 


Slope 


95  Per  Cent 
Fiducial  Linite 


Oroup  I  ••  dba  fenale  X  C"57  Irradlatod  male. 
Group  II  -  C~57  Irradiated  fomale  X  dlx\  male 


177 


TABLE  U 

DISPLACEHENT  OP  OOMPERTZIAN  R\TES 
(NATURAL  LOO) 

Oroupa  Compared  Dieplacmnent 

Control  males  and  control  females  oooo9o.>oe>o.>  InOS 

^  ” 

Control  males  and  Group  I  males  (10  days)  o  s  c  ^  .  o  c  o  «  1«26 

Control  females  and  Group  I  females  (10  dayay  c  ^  »  o  o  »  >  Oa88 

Control  laales  and  Group  II  males  (10  daj's)  ooo»o»o*  OoOS 

Control  females  and  Group  11  females  (10  days)  »  »  o  «  »  o  0^23 


Group  I  ■  dba  female  X  C»57  irradiated  male. 
Group  II  ■  G“57  Irradiated  female  X  dba  nalo» 
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Clecmeion 


Oar  findings  on  stsrillty,  fertility  and  litter  sises  oonfinoed  the 
work  of  Oenther  (20),  Strandskov  IZL),  Snell  and  Ames  (22),  Henson  (23),  and 
Amoroso  and  Parkes  (2U)o 

The  general  conclusion  of  the  Bu>rtall.ty  data  by  graphical  analysis  as 
veil  as  by  conpntation  of  gosipertslan  rates  vas  that  differences  could  be 
noted  between  the  groups  from  irradiated  male  parents  but  not  from  irrodiated 
fflnsle  parents a 

Our  findings  with  the  progeny  of  irradiated  male  mice  are  similar  to 
those  obtained  by  f^sell  (1?)  who  reported  a  reduced  life  span  in  the  progeny 
of  male  isiee  mated  19  to  23  days  after  neutron  irradiation.)  He  suggoated  that 
the  progeny  in  his  study  were  dsrlred  from  cells  that  wore  In  a  sensitive  stage 
of  gaMtogeneala  at  the  time  of  irradiation^  The  sane  conclusions  may  be  drawn 
from  our  study  of  the  progeny  conceived  at  120  and  160  days  after  irradiation 
of  the  male  parent.  However,  this  canjiot  bo  said  of  the  progeny  from  the  ir¬ 
radiated  mala  parent  eoneeivnd  within  ten  days  following  exposure.  The  pro¬ 
genies  of  this  mating  were  bom  on  an  average  of  22,3  d.ay8  after  irradiation 
of  the  male  pareoit,  and  clearly  indicates  that  these  offspring  were  largely 
derived  from  irradiated  spermatozoa.  This  suggests  that  spermatozoa  were 
also  sensitive  to  radiation  as  were  the  cells  under  consideration  in  Russell 
study,  and  in  the  male  gametes  involved  in  late  matings  in  our  study. 

The  reduced  life  span  exhibited  by  the  progeny  from  the  120-  and  180- 
day  matinge  of  the  dba  fatale  7.  0=^57  Irradiated  male  as  compared  with  those  of 
the  10-day  matings,  was  contrary  to  expectation  since  Hertwlg  (8)  observed 
diminished  genetic  effects  in  progeny  conceived  in  the  post-steillity  period, 
Russell  (17)  also  suggested  that  such  effects  in  late  littorr^  might  be 
diminished.  Our  results  suggested  that  spermatogonia  might  enrry  the  life 
span  reducing  Injury  for  several  cell  generatior.s.  In  fact,  the  reduced  Ufa 
span  of  the  progeny  might  well  be  a  permanent  genetic  burden  for  male  gametes . 

The  absence  of  shortening  of  life  span  in  the  progeny  of  irradiated 
females  was  also  unexpected.  Russell  e^al,  {2^)  shovred  that  mutations  at 
specific  loci  were  Increased,  regardless  "oF'bhB  sex  of  the  irradiated  parent j 
they  concluded  that  for  induced  nutations  at  specific  loci,  acute  Irradiation 
of  Oocytes  was  at  least  as  effective  as  acute  irradiatioxi  of  spermatogonia. 

Our  data  did  not  support  this  view,  but  rather  tended  to  agree  with  the  con¬ 
clusion  nado  by  Carter  (26)  that  female  geminal  cells  aro  less  sensitive  to 
radiation  than  those  of  the  male.  However,  such  a  com^'o risen  with  our  results 
is  pertinent  only  to  the  extent  that  one  can  reasonably  assume  that  the  re¬ 
duction  in  longevity  as  observed  in  hybrid  mice  frem  an  irradiated  parent  is 
related  to  the  same  mutational  processes  studied  by  Russel  et  al.  (2$)  and 
Carter  (26). 

Our  study  yielded  no  clues  as  to  why  a  reduction  of  life  expectancy 
was  observed  in  the  progeny  from  irradi.nted  male,  but  not  from  irradiated 

fcaiales. 
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Sua— ry 

Thla  «aqp«rtnent  was  dasigcad  In  m  attanpt  to  atudy  th«  longevltgr 
of  offspring  froa  an  Irfadlatsd  and  a  non^^lrradlated  paranto  Mica  of  strains 
dbs  sad  C>97  Blaek  wera  suited  and  crossHaatad  56  dagra  before  and  10,  120,  and 
180  days  after  200  r  whole-body  x-lrradlatlon  was  dallTared  either  to  the 
■ale  or  fanale  parent. 

There  was  a  redaction  In  the  msiber  of  successfol  pregiiancles  and  in 
the  litter  alee  of  the  120‘^day  and  l80-day  aatlnge  with  the  Irradiated  male 
parent,  this'swduction  In  pregnanoies  did  not  hold  for  the  irradiated  female 
parent  in  the  ip-day  mating}  they  were  sterile  In  subsequent  matings.  The 
percentage  of  imloals  bom  and  living  until  weaned  and  the  distribution  of 
sexes  at  weaning  time  did  not  follow  a  oonslstent  pattern. 

Irradiation  of  the  nrnle  parent  reduced  the  life  span  of  its  progeny 
without  regard  to  their  sex  whether  conceived  innediately  after  irradiation 
or  120  or  160  days  3ater.  It  is  likely  that  spenuitozoa  were  irradiated  in 
the  first  matings  and  spermatogonia  in  the  second  and  third. 

Irradiation  of  the  female  parent  did  not  reduce  the  life  span  of  its 
progeny,  regardless  of  sex.  Feauilaa  given  200  r  whole-body  x-irradiation 
were  sterile  at  120  and  180  days  after  eiqposure. 
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